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THE  19^5  ARPA-AEC  JOINT  LIGHTNING  STUDY  AT  LOG  ALAMOS 
VOLUME  IV 

DISCRIMINATION  AGAINST  FALSE  TRIGGEJIND  OF 
AIR -FLUORESCENCE  DETECTION  SYSTEMS  BY  LIGHTNING 

Guy  E.  Barssch 

ABSTRACT 

Optical  discrimination  techniques  to  prevent  false  triggering  of 
nuclear-exploo ion-excited  air-fluorescence  detection  systems  by  lightning 
are  evaluated.  The  spectra  of  lightning  and  of  air  fluorescence  are  very 
different:  lightning  emits  a  strong  continuum  and  neutral  and  Ionized 
atonic  line  radiations,  vhereas  the  air- fluorescence  spectrum  is  primarily 
molecular  band  radiation.  The  discrimination  technique  makes  optimum  use 
of  two  detectors  to  Identify  the  source  of  a  light  pulse  through  these 
differences.  False  triggering  of  the  de.ection  system  occurs  either  when 
the  source  Is  mlsldentlfled  or  when  one  of  the  measurements  cannot  be 
mde  because  the  Incident  signal  at  that  wavelength  is  below  the  detection 
threshold.  The  present  evaluation  Is  a  statistical  prediction  of  false- 
triggering  rates  taking  Into  account:  lightning  emissions,  air-fluores¬ 
cence  emissions,  atmospheric  propagation  mechanisms,  detect or -component 
parameters,  and  background  radiation. 

Two  detection-system  designs  are  evaluated,  each  of  which  specifies 
a  narrow  passband  at  591*»  1  for  detection  of  Nj  IN  (0,0)  fluorescence. 

One  uses  2- In. -d lan  "I>SL-2"  all-sky  radiometers}  the  other  uses  Improved 
5-ln.-dlam  "ZASL-5"  all-sky  radiometers.  Four  discrimination-channel 
wavelengths  are  evaluated:  **1**0  1  (**0-1  bandwidth),  **950  1  (220-1  band¬ 
width),  5000  1  (20-1  bandwidth),  and  6565  1  (20-1  bandwidth). 

The  predicted  yearly  false-triggering  rates  at  a  typical  site  are: 

Discrimination  Wavelength 


*.1**0  1 

**950  1 

5000  l 

&L± 

Two-inch  radiometers 

1100 

-  6 

<  **20 

no 

Five-Inch  radltrmters 

660 

0.2 

<  1?6 

510 

The  beet  discrimination  capability  Is  realized  with  the  **950-1,  220-1- 
bandwldth  channel,  because  the  391**-l/**950-l  radiated  spectral-intensity 
ratios  of  lightning  and  air  fluorescence  are  substantially  different,  and 
because  lightning  radiates  more  flux  In  the  220-1  band  near  **950  1  than 
In  any  of  the  other  bands  considered.  The  rates  of  source  mlsldentlflca- 
tlons  and  belov-thre ihold  false  triggers  are  therefore  minimized.  'Vlng 
to  the  superior  discrimination  characteristics  of  the  **950-1  channel  In 
conjunction  with  5-ln.  radiometers,  we  recoroend  this  combination  for  Im¬ 
provement  of  current  detection  systems  or  use  in  any  new  system  designs. 


I.  INTRODUCTION 

Thl»  report  1*  the  fourth  of  a  series  on  the 
optical  reeulte  of  the  19&5  lightning  study.  The 
physics  of  the  optical  outputs  of  lightning  and 
their  detection  has  been  presented  in  the  first 
three  voliraes.1"3  In  this  report,  optical  discrimi¬ 
nation  against  lightning-produced  light  pulses  by 
nuclear-explos lan-exclted  air-fluorescence  detection 
systems  Is  analyzed  and  evaluated. 

Detection  of  nuclear  explosions  high  in  the 
atmosphere  or  In  interplanetary  space  can  be  accom¬ 
plished  by  detecting  optical  fluorescence  of  air,  in 
the  upper  atmosphere,  excited  by  x  rays  from  the  ex¬ 
plosions.  The  energy  radiated  by  the  fluorescence 
Is  an  the  order  of  a  1'ev  percent  of  the  incident  x- 
ray  energy  and  Is  concentrated  primarily  in  narrow 
molecular  bands  of  Ns  a.d  Ns  throughout  the  visible 
and  near-visible  spectrum.  Tills  detection  method 
has  an  Inherently  high  sensitivity  even  during  day¬ 
light,  when  background  light  levels  are  high:  typi¬ 
cal,  practical  systems,  such  as  the  Los  Memos  Air- 
Fluorescence  Detection  System  designed  In  1959  by 
Westervelt  and  Hoerlln,4  can  detect.  In  daylight,  a 
1-kt  nuclear  explosion  up  to  at  least  50,000  km 
above  the  atmosphere .  The  maxi im ns  detection  range 
lncreaees  by  about  a  factor  of  50  at  night. 

Distinguishing  between  light  pulses  from  light¬ 
ning  flashes  and  nuclear -exploslan-exc lted  air 
fluorescence*  Is  a  necessary  feature  of  an  effective 
detection  system.  Lightning  storms  emit  many  strong 
optical  signals  and  can  be  arbitrarily  close  to  a 
ground-based  detection  station.  The  frequency  at 
which  these  false  pulses  are  detected  can  effective¬ 
ly  negate  the  capability  to  detect  and  Identify  a 
"real"  nuclear -explosion  produced  signal . 

This  problem  was  recognized  in  the  early  de¬ 
tection-system  design  stages.  Consequently,  two 
techniques  were  proposed  by  which  inherent  differ¬ 
ences  of  the  optical  signals  of  lightning  and  air 
fluorescence  might  be  used  to  recognize  autasatlcally 
the  source  type  and  so  "discriminate"  against  false 
alarms  produced  by  lightning.  The  study  and  evalua¬ 
tion  of  these  and  other  techniques  to  prevent  or 

•For  brevity,  ve  will  shorten  this  term  to  "air 
fluorescence"  far  this  volrnej  and  for  clarity  we 
will  therefore  not  refer  to  lightning  radiation  as 
"fluorescence." 


limit  lightning-produced  false  alarms  has  been  given 
the  title  "lightning  discrimination." 

One  of  the  proposed  discrimination  techniques 
was  based  on  possible  differences  In  the  optical 
pulse  shapes  of  lightning  and  air  fluorescence.  The 
expected  pulse  characteristics  far  air  fluorescence 
had  been  determined  theoretically  (and  were  later 
substantiated  experimentally ).  However,  In  an  early 
lightning  study  In  1959,  we  were  able  to  show  that 
discrimination  baaed  exclusively  on  pulse  shape  Is 
not  practical,  because  many  lightning  poises  have 
shapes  Identical  to  air  fluorescence. 

The  second  proposed  discrimination  technique 
was  based  on  differences  between  the  optical  spectra 
emitted  by  lightning  and  air  fluorescence.4*3  The 
lightning  spectrum  was  not  known  quantitatively; 
however,  It  was  known  qualitatively  that,  In  con¬ 
trast  to  the  continuum- free  molecular  band  radiation 
of  air  fluorescence,  lightning  radiates  a  strong 
continuum,  as  well  as  atomic -line  and,  perhaps,  mo¬ 
lecular-band  features.  A  system  of  detectors  with 
narrow  band widths  at  two  or  more  spectral  regions 
might  be  able  to  sense  these  differences  and  so  de¬ 
termine  the  source  of  the  detected  pulse. 

3tudles  of  an  air- fluorescence  spectrum  and  an 
estimated  lightning  spectrum  led  to  the  choice  of  a 
20-Ji  wide  band  at  5911*  l  for  detection  of  the  air- 
fluorescence  (0,0)  radiation  of  N*  IK,  and  a  20-1 
wide  band  at  4140  l,  which  is  very  weak  in  olr  fluo¬ 
rescence  but  Is  In  the  strong  continuum  of  lightning, 
far  lightning  discrimination.  Both  sources  produce 
strong  signals  at  591**  1,  but  lightning  signals  are 
much  stronger  at  4l40  1,  relative  to  5914  X,  than 
air-fluorescence  signals.  The  signal  ratio, 
591l*-HAl1*0-JU  could  then  be  used  to  Identify  the 
source  type. 

A  lightning  study  vaa  conducted  In  19t>?  at  Los 
Mamoa  by  R.  A.  Amato  and  ’t.her  EC  1C  personnel  to 
evaluate  the  Los  Alamos  Air-Fluorescence  Detection 
System  and  lightning  discrimination  based  on  source 
spectra.  Amato  concluded  that  the  591l*-lAll‘0-Jl 
ratio  of  detected  slgnalr  was  an  effective  discrimi¬ 
nation  parameter  for  96*  of  the  detected  lightning 
pulses,  and  he  rec amended  the  construction  of  am 
automatic  lightning -discrimination  system.6 

However,  there  were  four  shortcomings  of  the 
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ervrl^  lightning  studies: 

1.  The  conclusions  were  based  more  on  a  sta¬ 
tistical  treatment  of  the  data  than  an  a  physical 
understand*  ng  of  the  emission  and  signal -propagation 
processes. 

2.  The  conclusions  were  applicable  to  the  de¬ 
tectors  that  had  actually  been  operated,  but  they 
were  not  extended  to  newer  detector  designs. 

.  ’;ewly -proposed  spectral  regions  for  dis¬ 
crimination  had  not  been  studied.5 

•*.  The  operation  of  a  lightning-discrimination 
system  had  not  been  analyzed  fully.  For  example, 
the  conditions  that  would  produce  a  false  alarm  were 
not  defined,  and,  in  fact,  one  important  source  of 
false  alarms  was  totally  ignored. 

In  the  present  analysis  we  depart  fror  earlier 
ones:  we  consider  in  greater  detail  the  emission, 
propagation,  and  detection  of  lightning  and  air- 
fluorescence  radiations,  and  we  define  the  conditions 
that  can  lead  to  false  alarms.  For  example,  we  dis¬ 
tinguish  between  genuine  raise  alarms,  where  the  re¬ 
corded  signals  actually  indicate  on  close  inspection 
that  an  air-fluorescence  pulBe  was  detected,  vs  the 
times  when  the  automatic  discrimination  equlpnent  Is 
"fooled"  and  so  permits  a  lightning  signal  to  be  re¬ 
corded  ("false  trigger"),  -lien  the  results  of  these 
considerations  are  Incorporated  into  an  evaluation 
of  lightning  discrimination,  the  shortcomings  of  the 
earlier  analyses  are  remedied. 

For  optimum  lightning  discrimination,  we  find 
that  large  amounts  of  light  must  be  detected  from 
lightning.  This  requirement  ensures  that  weak 
lightning  pulses  are  detected  and  properly  measured, 
so  that  they  can  be  accurately  Identified  as  light¬ 
ning  and  so  do  not  produce  false  triggering.  The 
best  way  to  detect  large  amounts  of  lightning  radia¬ 
tion  is  to  use  a  broad  spectral  bandwidth  sensitive 
to  the  strong  continuum  of  lightning.  A  220-1  wide 
region  centered  at  U950  X  is  shown  to  be  optimum  for 
lightning  discrimination  of  a  391^-Jl  detection  sys¬ 
tem,  based  on  (a)  the  collection  of  a  large  amount 
of  the  lightning  continuum,  and  (b)  the  fact  that 
the  air-fluorescence  spectrum  Is  very  weak  In  this 
region,  relative  to  3911*  l. 

The  quantitative  conclusions  presented  *,  this 


report  sure  based  on  considerations  of  the  following 
aspects  of  lightning,  the  atmosphere,  and  ilscriizi- 
natlon  systems: 

1.  The  lightning  spectrum  and  its  variations. 

x 

2.  Modifications  of  the  spectrum  during  propa¬ 
gation  to  the  detector. 

3.  The  spectra  of  nuclear-explosion-excited 
air  fluorescence. 

1*.  Detector  sensitivities,  fields  of  view,  and 
bandxrtdths . 

l>.  The  x/ays  in  which  false  triggering  occurs. 

Volumes  I  to  III1'3  dea.  with  the  input  data 
represented  above  by  Items  1  and  2.  Items  3  through 
3  are  treated  in  this  volur.e  in  the  following  se¬ 
quence  : 

1.  Section  II  discusses  system  operation,  with 
emphasis  on  how  raise  triggering,  i6  produced. 

2.  Section  III  presents  the  spectra  of  nuclear- 
explosion-excited  air  fluorescence,  as  x/ell  as  a 
typical  lightning  spectrum,  and  enumerates  the  spec¬ 
tral  regions  that  appear  practical  for  discrimina¬ 
tion. 

3.  Section  IV  uses  parameters  of  the  detectors 
to  calculate  their  sensitivities  at  the  spectral  re¬ 
gions  of  Interest. 

These  input  data  are  followed ,  in  Section  V,  by 
a  derivation  of  anticipated  false  triggering  rates 
x/hen  the  various  spectral  regions  are  used  for  dis¬ 
crimination.  These  results  ore  used  to  formulate 
the  recommended  design  for  discrimination  against 
lightning  by  modern  detection  systems. 

II.  OreRATIf*  CF  THE  LIGHTNING  -DISCRIMINATING 
DETECTI CK  SY'TTEM 

The  detection  systems  fi —  x/hlch  these  exralua- 
tians  are  valid  use  a  continuously-operated  radiom¬ 
eter*  sensitive  to  a  x/ave length  region  in  which 

*In  previous  volumes  of  this  report, 2,3  and  In  an¬ 
other  related  report,7  we  have  used  the  term  "pho¬ 
tometer"  to  mean  x/hat  we  now  call  a  "radiometer." 

We  make  this  charge  in  deference  to  the  Nomenclature 
Comittee  of  the  Optical  Society  of  America,  xdxlch 
has  recently  endorsed  the  restriction  of  the  tern 
"photometer"  to  devices  for  measurements  of  quanti¬ 
ties  only  to  the  extent  that  they  are  visible  to 
the  human  eye.B 
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nuclear -explosion -excited  air  riu  are  ace  nee  la 
strong.  Region*  which  have  been  proposed  for  nucle- 
ar-«<x plosion  detection  are:  J911*  l,  20- i -wide 
[H2  Ul  (0,0)];  1*278  l,  20-,\-wlde  [r4  111  (1,0)];  and 
a  band  within  the  near  Infrared,  extending  from 
~  6000  to  ~  11,000  1  [N2  IP  group].  The  detection 
systems  are  limited  In  sensitivity  at  a  particular 
spectral  region  by  statistical  noise  of  the  photo¬ 
electron  beam  of  the  detector.  This  noise  is  gener¬ 
ated  In  daylight  by  the  detection  of  the  background 
lleht,  and  at  night  both  by  detection  of  background 
ilg  ,t  and  the  Internal  processes  of  the  detector, 
such  as  dark  current.  Typical  daylight  sensitivi¬ 
ties  of  the  detection  systems,  expressed  in  terms  of 
the  distance  from  which  an  explosion  can  be  detected, 
range  fron  5«5  *  104  -J)T  km,  where  Y  Is  the  x-ray 
yield  of  the  explosion  In  allot ons,  for  the  tAAFDS4 
as  designed  In  1959*  to  an  estimated  10°  km  for 
the  newest  design.  The  sensitivities  are  10  t.ies 
or  mare  greater  at  night  than  In  daylight. 

Lightning  typically  produces  detectable  signals 
from  distances  of  60  km  during  daylight  and  of  more 
tnan  100  km  at  night.  The  actual  maximum  distance 
from  which  lightning  can  be  detected  depends  on  at¬ 
mospheric  conditions,  local  environment,  the  light¬ 
ning  storm  Itself,  and  details  of  detector  construc¬ 
tion,  such  as  field  of  view.  If  storms  occur  closer 
than  the  maximum-detection  distance,  lightning  can 
trigger  any  of  these  detectors  at  a  high  rate,  so 
that  It  becomes  Impossible  to  Isolate  a  nuclear -ex¬ 
plosion-produced  signal. 

To  decrease  the  rate  at  which  triggering  Is 
produced  by  lightning,  Inherent  differences  between 
lightning  signals  and  air-fluorescence  signals  can 
be  used  to  differentiate  between  them.  Such  differ¬ 
ences  can  occur  In  the  pulse  shape,  the  shape  of  the 
optical  spectrum,  the  characteristics  of  the  electro¬ 
magnetic  radiations,  or  the  relationship  between  op¬ 
tical  and  electromagnetic  radiations.  In  the  prelim¬ 
inary  optical  lightning  study.  In  1959*  we  f-und  that 
differences  In  optical  pulse  ahupes  are  not  suffi¬ 
cient  for  useful  different  tat  l'»i  of  all  lightning 
pulses. 

The  spectra  of  lightning  and  air  fluorescence, 
however,  are  basically  very  different:  lightning 
emits  a  strong  continuum,  s  id  neutral  and  Ionized 
atonic  line  radiations,  w  real  the  air- fluorescence 


spectrum  Is  composed  primarily  of  molecular  band 
radiations.  Because  of  these  differences,  spectral 
regions  exist  in  which  the  emitted  intensities  can 
be  used  to  Identify  the  source.  We  will  present  the 
act  al  spectra  of  lightning  and  air  fluorescence, 
and  derive  such  spectral  regions  from  them,  In  Sec¬ 
tion  III,  after  presenting  the  criteria  by  which 
optimum  spectral  regions  must  be  chosen. 

To  effect  discrimination  on  the  basis  of  dif¬ 
ferences  In  source  spectra,  two  regions  of  the  de¬ 
tected  spectrum  are  measured,  one  region  contains 
the  spectral  feature  used  for  air-fluorescence  de¬ 
tection  aDd  Is  called  the  detection  channel.  The 
other  region  Is  called  the  discrimination  channel. 

The  two  spectral  regions  are  chosen  so  that  their 
relative  signals  for  air  fluorescence  differ  In  a 
known  way  from  the  signals  for  lightning.  Any  de¬ 
tected  signals  la  '  *  '.wo  regions  are  autocmtlcally 
compared,  and  the  ype  of  source  Is  identified  on 
the  basis  of  the  cosiparlson. 

As  an  example,  suppose  we  are  using  a  detection 
channel  at  J91*»  I  and  a  discrimination  channel  at 
U1**0  1.  The  signal  ratio  J91**-lAl**0-l  for  most 
alr>fluare*cence  spectra  Is  known  to  be  >  10;  where¬ 
as  that  for  lightning  averages  -  1  and  Is  never 
larger  than  6.  We  therefore  choose  a  dlscrlmlna- 
tlon-ratlo  criterion  of  10;  that  Is,  we  set  our  ap¬ 
paratus  so  that  all  pulses  with  a  391**-iAl**0-l 
ratio  <  10  are  rejected.  In  this  way,  we  reject  all 
lightning-produced  signals  for  which  tne  dlscrlnlna- 
tlan-ratlo  test  is  possible. 

The  discrimination-ratio  test  becomes  Impossible 
for  pulses  so  small  that,  although  detected  in  the 
detection  chrnnel,  they  are  below  threshold  In  the 
discrimination  channel.  Kor  a  given  discrimination 
channel,  no  solution  to  this  kind  of  false  trigger¬ 
ing  can  be  effected  while  full  detection  sensitivity 
Is  maintained.  The  number  of  such  pulses  that  occur, 
however,  depends  on  the  spectral  region  chosen  for 
discrimination,  and  much  of  our  evaluation  has  been 
concerned  with  minimizing  these  "belov-thre sr.old " 
false  triggers. 

As  an  example  of  bslov-thre ahold  false  trigger¬ 
ing,  consider  again  a  detection  system  with  channels 
at  391**  and  UlUO  JL .  Suppose  a  lightning  pulse  pro¬ 
duces  signals  at  the  detectors  with  a  391**-aA1**0-H 
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ratio  of  2.0,  well  within  the  range  of  lightning- 
produced  ratio*. 2  A  pulse  with  this  ratio  would  be 
rejected  by  the  discrimination  system  If  It  could  be 
detected  In  both  channels.  Suppose,  however,  that 
the  pulse  Is  only  slightly  above  the  detection 
threshold  at  391  1 .  Because  5911*-  and  ^1^*0-!  chan¬ 

nels  have  about  equal  sensitivity,  and  because  we 
have  postulated  a  UlUO-JL  signal  only  half  as  large 
as  the  threshold  391l*-i  signal,  the  ^11*0-1  signal  Is 
smaller  than  the  dlscrlmlnatlon-chr nnel  threshold 
end  thus  cannot  be  detected.  A  false  trigger  Is 
produced,  even  though  the  spectrins  'mltted  by  this 
pulse  Is  Inherently  suitable  for  discrimination. 

This  Is  tne  maior  source  of  false  triggering  men¬ 
tioned  In  Section  I  as  not  having  been  noted  In  pre¬ 
vious  llghtnlng-study  analyses. 

In  tne  examples  given  above,  we  have  assumed 
that  lightning  and  air-fluorescence  have  detection- 
channel  to  discrimination-channel  ratios  different 
enougf  to  permit  unambiguous  source  determination. 
This  assumption  was  manifest  In  our  statement  that 
tne  3911*-iAl,*0-Jl  ratio  was  >  10  for  air  fluores¬ 
cence,  and  <  6  for  lightning.  There  are  a  number  of 
spectral  regions  suitable  for  unambiguous  differen¬ 
tiation  between  lightning  and  a  typical  air- fluores¬ 
cence  spectrum.  However,  In  some  of  these  spectral 
regions,  an  unambiguous  determination  of  source  type 
becomes  impossible  11  we  consider  typical  nuclear- 
exploalon -excited  air-fluorescence  spectra.  This 
ambiguity  Is  an  Indirect  cause  of  detection-system 
false  triggering. 

Suppose,  with  the  detection  system  discussed 
above,  we  ouet  consider  an  air-fluorescence  spectrum 
excited  by  a  hlgh-altltude  nuclear  explosion  In 
which  the  3911*-lAl1*0-Jl  ratio  Is  only  5.  Such  a  ra¬ 
tio  may  be  possible  when  hlgh-yleld  explosions  occur 
near  the  atmosphere,  owing  to  a  decrease  of  the 
391**-)l  feature  relative  to  the  rest  of  the  spectrum. 
We  must  set  the  discrimination-ratio  criterion  to  a 
value  less  than  5#  say  **»  to  be  sure  to  detect  and 
not  reject  a  pulse  from  this  source.  However,  there 
are  also  lightning  pulses  with  ratios  greater  than 
k.  When  these  pulses  are  detected,  they  are  mis- 
identified  as  air  fluorescence  and  so  produce 
"source-aisldentificatlon"  false  triggers. 

Thus,  there  are  two  Inherent  lightning-caused 
sources  of  false  triggering  of  a  nuclear-explosion 


detection  system:  source  ml  sldcntl  float  ion,  and 
be)  ow- thresh  old  pulses  Incident  on  the  di  acrlmlna  - 
t  Ion -channel  radiometer .  This  false  triggering  can 
be  minimized  or  eltmlnited  by  the  proper  choice  of 
discrimination  wavelength. 

First,  source  mlsldentlficatlona  can  be  mini¬ 
mized  If  a  discrimination  channel  can  l  e  found  for 
which  the  range  of  detection  channel  to  discrimina¬ 
tion  channel  spectral-lmd lance  xatlos  produced  by 
air  fluorescence  and  the  range  of  ratios  produced  by 
lightning  overlap  the  least. 

Second,  below-threshold  false  triggering  ca/i  be 
minimized  If  the  sensitivity  to  lightning  of  tne 
dlrcrlninatlon  channel  radiometer  Is  made  as  large 
as  possible  relative  to  the  detection  channel  sensi¬ 
tivity.  We  have  noted  that  many  lightning  pulses 
which  produce  Just-detectable  signals  In  the  detec¬ 
tion  channel  would  produce  below-threshold  slgzals 
In  a  normal -sensitivity  discrimination  channel.  Any 
enhanced  sensitivity  of  the  discrimination  channel 
to  lightning  would  permit  much  false  triggering  to 
be  eliminated. 

Radiometer  sensitivity  to  lightning  can  be  In¬ 
creased  by:  1)  ui.  fa  larger  radiometer,  2)  a 
more  sensitive  detection  element,  or  3)  detection  of 
more  of  the  emitted  lightning  radiation.  The  first 
two  methods  do  not  effectively  Increase  the  discrim¬ 
ination-channel  sensitivity  relative  to  that  of  the 
detection  channel  for  twe  following  reason.  What¬ 
ever  changes  are  applied  to  the  discrimination  chan¬ 
nel  also  will  be  applied  to  the  detection  channel  to 
Increase  Its  sensitivity,  sod  there  will  be  no  change 
of  relative  sensitivity. 

However,  the  third  approach  can  be  made  so  that 
the  changes  are  not  applicable  to  the  detection 
c tonne’,  radiometer.  A  spectral  region  for  discrimi¬ 
nation  must  be  found  which  meets  two  criteria: 

1.  lightning  radiates  strongly  relative  to  the 
detection  channel,  and 

2.  nuclear -explosion  air  fluorescence  radiates 
weakly  enough,  relative  to  the  detection  channel, 
that  the  source  can  be  recognized  from  the  ratio  of 
the  two  channels'  outputs. 

One  discrimination  region  that  meets  these  cri¬ 
teria  Is  a  narrow  passband  that  surround#  a  bright 
atualc-llne  emission  of  lightning,  but  vhlch  Is  a 
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relatively  dark  region  of  the  alr-fl  lorescence  spec* 
tnsr.  Here  the  sensitivity  Increase  for  lightning 
detection  occurs  because  the  atamlc-llne  radiation 
In  the  discrimination  channel  la  larger  than  the 
contlmua  radiation  In  the  detection  channel. 

Another  suitable  spectral  region  Is  a  broad  re¬ 
gion  of  contlnuua  radiation.  Lightning  exhibits  a 
strong  continual,  at  leaat  below  6000  1,  and  broad 
spectral  region*  can  be  found  in  which  lightning 
radiate*  much  mar#  strongly,  relative  to  391^  or 
*»2f8  X,  than  nuclear-explosion -excited  air  fluores¬ 
cence  .  In  this  case,  the  sensitivity  advantage  oc¬ 
cur*  as  follow*.  'Ving  to  Its  stroog  contlnuua, 
lightning  radiates  much  more  flux  In  a  broad  spec¬ 
tral  region  at  the  discrimination  wavelength  than  It 
doe*  In  the  narrow  detection  channel.  Between  3900 
and  6000  X,  the  flux  radiated  by  lightning  la  ap¬ 
proximately  proportional  to  the  bandwidth;  and,  so, 
a  220-i-wlde  discrimination  channel  detects  about  11 
time*  as  much  flux  as  does  a  20-1-wide  detection 
channel.  The  background -rad  1st  Ion  Induced  nolae  Is 
also  larger  In  the  discrimination  channel,  but  only 
by  a  factor  proportional  to  the  square  root  of  the 
bandwidth.  Thua,  a  net  gain  of  slgnal-t'-nolse  ra¬ 
tio,  or  sensitivity,  la  realized  for  lightning. 

III.  PKCTRAL  RHUXS  FX  DISCRIMINATION 

We  have  abeam  that  the  following  criteria  nust 
be  satisfied  for  effective  discrimination. 

1.  The  ratio  of  expected  air-fluorescence  sig¬ 
nals  In  the  detection  and  discrimination  channel* 
must  be  as  different  aa  possible  from  the  ratio  for 
lightning,  and.  In  particular,  the  overlap  between 
the  two  ratio  distributions  oust  be  minimal. 

2.  The  signal -to-nolse  ratio  of  the  dlscrlmln- 
atlon  channel  under  typical  operating  condition 
must  be  as  large  as  possible  relative  to  that  of  the 
detection  channel. 

We  must  now  find  regions  of  lightning  and  air- 
fluorescence  spectra  that  satisfy  tneae  criteria. 

/ .  3pectra 

A  typical  lightning  spectrum  recorded  by  Connor' 
and  an  air -fluorescence  spectrum  recorded  in  the 
laboratory  by  Hartman*  are  shown  for  comparison  In 
Fig.  1.  Both  have  6-  to  6-1  spectral  resolution  and 


were  normalized  to  3911*  X.  The  qualitative  differ¬ 
ences  on  which  the  lightning -discrimination  tech¬ 
nique  Is  based  are  apparent:  the  predominant  molec¬ 
ular-band  features  of  sir  fluorescence  vs  the  strong 
continuum  and  the  neutral  and  Ionized  atomic-line 
features  of  lightning.  The  quantitative  difference 
shown  decreases  with  detection  systems  having  poorer 
spectral  resolution,  owing  to  the  decrease  In  peak 
Intensities  of  the  band  features  as  they  become  ef¬ 
fectively  broader. 

1.  Lightning.  The  llgh’.nlng  spectrum  of  Fig. 

1  Is  that  of  a  subsequent  return  stroke  1  km  from 
the  spectrograph,  corrected  for  atmospheric  trans¬ 
mission.  The  collimated  photoelectric  data*  have 
shown  that  most  other  lightning  phenomena,  such  as 
cloud  strokes  and  leaders,  have  similar  ;pectra  at 
3911*,  ‘♦l1^,  and  6563  X,  although,  as  Connor  also  re¬ 
ported,1  first-return-stroke  spectra  are  somewhat 
different . 

The  spectrum  shown  Is  typical  of  subsequsnt- 
retum-  stroke  spectra  recorded  at  Los  Alamos  during 
the  19b 5  surma r  lightning  season.  Lightning  occur¬ 
ring  elsewhere  or  at  other  times  of  the  year  may 
differ  In  detail.  However,  the  strong  continuum  and 
narrow  atomic -line  features  are  probably  typical  of 
most  lightning  strokes,  and  we  Infer  that  the  visible 
spectra  of  all  lightning  phenomena  excluding  first 
return  strokes  are  substantially  the  sane  as  that 
shown  In  Fig.  1.  The  variations  of  this  spectrum 
from  pulse  to  pulse  and  Its  modification  for  the 
-  dt  of  all  pulses  that  are  flrat  return  strokes 
have  been  derived  from  the  llghtnlng-atudy  data  and 
are  used  In  the  discrimination-system  evaluation. 

2.  _ Air  Fluorescence.  The  air-fluorescence 

spectrum  of  Fig.  1  was  excited  by  000 -eV  electrons 
In  air  at  a  pressure  of  0.07  Torr,  corresponding  to 
an  atmospheric  altitude  of  66  kn.8  This  altitude 
approximate*  the  OC  km  where  the  maximum  x-ray  en¬ 
ergy  would  nominally  be  deposited  from  a  high -alti¬ 
tude  nuclear  detonation.  Therefore,  the  laboratory 
spectrum  should  cloGely  approximate  the  spectrum  of 
the  air-fluorescence  pulse  produced  by  a  hlgh-altl- 
tude  nuclear  explosion,  so  long  as  the  energy  density 
deposited  within  the  atmosphere  Is  small,  as  would 

be  true  for  the  sir-fluorescence  pulse  excited  by  a 
distant,  exo-atiaospherlc  nuclear  explosion. 
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SPECTRAL  INTENSITY  RELATIVE  TO  391 4 4 


Fig.  1.  Typical  lightning  and  alr-fluoraacanea  apectra,  relative  to  391  l.  Retolutlcos  ara  6  to  8  i. 
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However,  there  are  other  cases  of  Interest  In 
which  the  sir -fluoresce  nee  spectrum  can  differ  sub¬ 
stantial]^  fro  the  laboratory  spectrum:  1)  explo¬ 
sions  with  In  the  atmosphere  that  produce  fireball 
radiation,  and  2)  large  explosions  near  the  atmos¬ 
phere  that  deposit  large  energy  densities  within  it, 
such  as  the  Starfish  explosion.10 

First,  fireball  radiation  has  a  strong  continu¬ 
um  very  similar  to  that  of  lightning.  Therefore,  If 
fireball  radiation  is  present,  the  discrimination 
system  based  on  spectral  differences  between  light¬ 
ning  and  air  fluorescence  will  not  work.  In  this 
case,  however,  other  paramet.  "•  such  ss  pulse  dura¬ 
tion  can  be  used  to  discriminate  against  lightning. 

Second ,  when  a  nuclear  explosion  occurs  near 
the  atmosphere,  large  densities  of  Ka  Ions  are  pro¬ 
duced  in  the  atmospheric  region  where  the  x  rays 
from  the  explosion  are  deposited.  These  ions  ap¬ 
preciably  trap  their  own  radiation  within  the  highly 
dosed  volume  by  self -absorption,  or  resonance  scat¬ 
tering,  as  described  by  Bennett.11  Consequently, 
ground-based  detectors  see  a  decrease  of  3914-1 
[i4  in  (0,0)]  radiation;  the  missing  photons  appear 
instead  at  4278  1  (0,1),  4(09  1  (0,2),  or  5226  1 
(0,3). 

A  system  that  uses  3911*  1  for  air-fluorescence 
detection  and  eame  other  wavelength,  such  as  4140  1, 
tor  lightning  discrimination,  win  therefore  eee  a 
smaller  3914-1  to  Ui*»0- JL  ratio  for  a  high  dose-rate 
nuclear  explosion  than  that  predicted  from  the  lab¬ 
oratory  air -fluorescence  spectrum.  We  have  shown 
how  this  modification  of  the  air-fluorescence  spec¬ 
trum  can  lead  to  higher  false -trlggerlrg  rates. 

A  system  that  used  4278  1  rather  than  3914  1 
for  air- fluorescence  detection  would  be  three  times 
less  sensitive  to  weak  pulses,  but  would  not  be  ad¬ 
versely  affected  by  spectrum  modifications  caused  by 
self -absorption. 

To  evaluate  lightning  discrimination  by  systems 
designed  to  detect  explosions  near  the  atmosphere, 
we  must  know  the  fluorescence  spectrum  of  highly 
dosed  air.  As  representative  examples,  we  have  used 
spectra  recorded  frtas  five  hlgh-altltude  nuclear  ex¬ 
plosions,  taken  along  lines  of  sight  In  which  air- 
fluorescence  radiation  was  predominant.  The  details 
of  these  spectra  were  obtained  froe  unclassified 


sections  of  classified  references,  as  follows. 

1.  Starfish.  Spectrum  recorded  by  Bennett11 
and  reduced  by  SappenfleLd.1*  A  preliminary  reduc¬ 
tion  of  this  spectrum  la  presented  by  Hoerlln  In  an 
unclassified  report.10 

2.  Checkmate.  Spectrum  reported  by  Peek  and 
Sappenfield.13  No  quantitative  reduction  Is  pos¬ 
sible  owing  to  the  siltless  operation  of  the  spec¬ 
trograph,  but  for  the  purposes  of  this  report  the 
spectrum  appears  qualitatively  similar  to  the  labo¬ 
ratory  air-fluorescence  spectrum  of  Fig.  1. 

3>  Klngflah.  Two  spectra  along  separate  lines 
of  sight  reported  by  Peek  and  Sappenfield.14 

4.  Blueglll.  Two  spectra  along  separate  lines 
of  sight  reported  by  Peek  and  Sappenfleld.19 

5.  Teak.  Spectrum  reported  by  Stone.10 

B.  Discrimination  Regions 

On  the  basis  of  the  llgntnlng  and  air-fluores¬ 
cence  spectra  of  Fig.  1,  a  3914-1  detection  channel 
and  any  of  four  discrimination  channels  as  listed  In 
Table  I  appear  practical  Tor  an  effective  detection 
and  discrimination  system.  The  4l40-l  discrimina¬ 
tion  region  nts  between  the  features,  Ns  2P  (0,3) 
and  ]£  IK  (0,1)  or  the  air-nuoreecence  spectrum; 
included  within  this  pessband  Is  the  weak  Na  2P  (3,0* 
The  4950-Jl  discrimination  region  lies  In  a  brood 
minimum  of  the  alr-fluarescence  spectrum.  It  Is 
limited  at  each  end  by  strong  features  of  N's  III: 
the  (0,2)  transition  below  and  the  (0,3)  above;  the 
220- A  bandwidth  Is  the  broadest  passband  that  fits 


Table  I.  Spectral  Features  of  3914-1  Detection  Chan¬ 
nel  and  Four  Discrimination  Channels 


Wavelength 

1 

Bandwidth 

1 

Air 

Fluorescence 

Lightning 

3914 

20 

N2  IN  (0,0) 

C* 

4l40 

40 

Ns  2P  (3,7) 

C,NI(6),NI(10) 

4950 

220 

Na  2r  (1,7) 
(4,1);  Nil 

C  .Nil 

5000 

20 

Nil 

Nil 

6563 

20 

Ns  IP  (7,4) 

Ha 

•C  •  continuum 
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Table  II.  Detectlon-to-Dlscrlmlnatlon  Channel  Ratio*  far  lightning  and  Air  Fluorescence 

Spectral-Intensity  Ratio  (par  l) 


3914  i 

3914  l 

3914  i 

>914  l 

4l40  l 

4950  1 

5000  1 

6565  1 

Source 

Lightning 

act* 

sot* 

43t* 

20t* 

4?t* 

aot* 

43t» 

Average 

1.2 

1.2 

1.1 

1.1 

0.3 

0.( 

0.3 

0.7 

Maximum 

Air  fluorescence, 
derived  from 

~  6. 

~  6. 

~  4.5 

~  4.5 

-  3* 

-4. 

-  4. 

-  4. 

laboratory 

80. 

43. 

400. 

220. 

160. 

160. 

27. 

14. 

Checkmate  (estimated) 

>  10. 

>  10. 

>  10. 

>  10. 

>  10. 

>  10. 

>  10. 

>  10. 

Starfish 

12. 

7. 

10. 

7.0 

3. 

3. 

°il 

0.4 

Teak 

Klngfish 

6.0 

3.0 

7. 

3.5 

3. 

3. 

• 

• 

(e) 

5.0 

3.0 

0.5 

4.8 

- 

- 

80. 

10. 

(t) 

BlueglU 

4.0 

2.4 

7.5 

4.3 

7. 

4. 

11. 

6. 

(•) 

1.2 

1.0 

8.0 

6.0 

7.3 

6.0 

3.0 

2.6 

(b) 

1.1 

0«9 

6.5 

3.3 

5.0 

3.0 

U. 

10. 

*591“-!  bandvldth 


between  tnaaa  two  spectral  features  and  has  an  ac¬ 
ceptably  swell  response  at  both.  The  5000-  and 
6565-i  discrimination  regions  are  baaed  on  line  fea¬ 
tures  of  the  lightning  spectrin.  At  5000  t,  the 
fluorescence  spectnaa  of  Fig.  1  also  shows  an  appar¬ 
ently  strong  line  feature,  with  the  saae  origin  as 
that  In  lightning.  However,  In  air  fluorescence, 
this  feature  Is  such  weaker  than  the  3914 -i  detec¬ 
tion  feature.  There  Is  also  moderately  strong  radi¬ 
ation  at  6565  X  In  air  fluorescence  due  to  the  (7,4) 
band  of  Na  IF,  hut  In  the  spectrum  of  Fig.  1  It  Is 
weaker  than  3914  l. 

The  detection-channel  to  discrimination-channel 
ratios  of  spectral  lrradlances  (V  ce**  i*1)  that 
would  be  measured  for  lightning,  for  the  laboratory 
air-fluorescence  spectrum  of  Fig.  1,  and  for  some 
nuclear -explosion -excited  air- fluorescence  spectra 
are  given  In  Table  II.  D"t*  are  presented  far  two 
different  bandwidth*  at  3914  l :  a  80-t  bandwidth  Is 
practical  with  the  LASL-3,  3-ln.,  five-element, 
quartz,  180°  all -sky  lens,7  but  a  mlnlwss  bandwidth 
of  A3  1  can  be  obtained  at  39lA  1  with  the  older 


LASL-2,  2- In. ,  four-element ,  glass,  165°  all-sky 
lens7  which  was  usad  in  ths  lightning  study.17 

In  sttawptlng  to  differentiate  between  the 
lightning  spe etnas  and  the  "weak"  sir- fluorescence 
spectrum  of  Fig.  1,  any  of  the  discrimination  chan¬ 
nels  would  be  effective.  The  ratios  derived  from 
the  sir- fluorescence  spectrum  are  three  times  or 
■ore  larger  than  tha  maximum  observed  ratios  pro¬ 
duced  by  lightning.  Therefore,  the  discrimination 
system  would  not  sis  Identify  the  source,  and  th#  on¬ 
ly  false  triggering  would  be  of  the  below-threshold 
type. 

Howver,  we  suet  also  consider  the  modified 
spectra  of  Table  II  es  representative  of  possible 
air- fluorescence  pulses  excited  by  nuc lesr-exploe  1  on 
x  rays.  In  general,  tha  detect ion -channel  to  dis¬ 
crimination-channel  ratio*  of  these  pulses  ere 
shifted  toward  the  lesser  values  of  lightning.  In 
many  cases,  there  Is  considerable  overlap  of  the 
distributions  of  lightning  and  air -fluorescence  ra¬ 
tios.  Therefor*,  a  nusuer  of  source-sis  Identifica¬ 
tion  false  triggers  will  be  produced  If  discrimination 
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channel*  are  used  In  which  overlap  occur*. 

In  particular,  at  two  of  the  discrimination 
channel  wavelength*,  the  spectral -lrredlanc*  ratio 
produced  by  one  of  the  nuclear-exploelcn  » l_r- fluo¬ 
resce  oce  pulse*  (a*  underlined)  le  Indistinguishable 
from  that  produced  by  lightning.  At  **lVO  l,  light¬ 
ning  le  Indistinguishable  froa  the  epectrva  derived 
fra*  Blusglll  j  at  6563  A,  froa  starfish.  It  1* 
therefor*  Impossible  to  construct  a  discrimination 
system  beeed  an  spectral  differences  between  >91** 
and  Ui4o  1  that  would  properly  Identify  a  Blusglll  - 
like  spectnmi,  or  one  using  3914  and  6563  l  that 
would  properly  Identify  Starfish. 

At  the  other  two  discrimination -channel  wave¬ 
lengths,  1*950  and  5000  X,  most  air- fluoresce  nee  and 
lightning -pulse  spectral-intensity  ratios  are  dis¬ 
crete.  For  1*950-1  discrimination  In  conjunction 
with  a  20-1 -wide  >91 4 -i  detection  channel,  all  air- 
fluorescence -pules  ratios  art  2  6.5  and  all  light¬ 
ning -puls#  ratios  are  *  I*. 5.  Thus,  a  discrimination 
system  that  Is  free  from  source-als Identification 
false  triggering  can  be  realized.  For  1*950-1  dis¬ 
crimination  in  conjunction  with  the  4>-l-vlds, 

591  •‘-i  detection  channel  of  the  2-ln.-lens  system, 
and  for  5000-1  discrimination  for  either  detection 
systea,  a  email  degree  of  overlap  exists  between  alr- 
fl  larsscenc*  and  lightning -ratio  distribution*. 

This  overlap  will  cause  a  fraction  of  the  Incident 
lightning  signals  to  be  aleldantlfled  If  the  dis¬ 
crimination  system  le  adjusted  to  Identify  all  the 
Table  II  air- fluorescence  pulses  correctly. 

We  will  show  later  that  the  use  of  the  5- In. 
lens  with  391**-l  detection  and  **950-1  discrimination 
produces  very  few  false  triggers  and  so  defines  a 
highly  effective  lightning-discriminating  detection 
systea. 

IV.  DETECTOR  SSKSOTYITY* 

The  sensitivity  of  a  red  1  oasts r  is  beet  des¬ 
cribed  here  by  the  minimum;  Incident  signals  It  can 
detect.  Far  •  monochromatic  source  such  as  the 
391**-l  Me  XN  (0,0)  feature,  the  minimum -detectable 


*Vs  follow  Donahue’s  derivation  of  all -sky -detect or 
sensitivity  given  In  Reference  5}  our  nomenclature, 
ho»*ver,  It  that  endorsed  recently  by  the  Nomencla¬ 
ture  CaMittee  of  the  Optical  Society  of  America.* 


signal  auet  be  expressed  as  an  lrredlance, 
h  (V  cm*8).  For  continuum  aourcea  such  as  lightning 

D 

at  591^*  **lUo,  and  U950  l,  It  must  be  expressed  as  e 
spectral  lrredlance,  cm*8  l*1).  This  latter 
term  Is  also  used  to  represent  the  ml  nlia  ns -detect  - 
able  signal  for  a  monochromatic  plus  coctlnuvss 
source,  for  which  the  signal  Is  expressed  as  an 
average  spectral  lrredlance  over  e  given  bandwidth. 
Examples  of  this  type  of  source  are  the  two  light¬ 
ning  emissions  at  yXX)  and  6563  JL 

In  the  presence  of  background  radiation,  with 
spectral  radiance  cm*8  er*1  l*1),  the  sensitiv¬ 
ity  of  e  red  1  coster  Is  limited  by  the  statistical 
fluctuations  of  the  background -produced  photoelec¬ 
tron  beam  of  the  photomultiplier.  The  photoelectron 
beam  current,  1  .e . ,  the  cathode  current,  can  be 
written 

ic  “  **b  0  Ae  8  To  ' 

where  ft  Is  the  solid  angle  (sr)  subtended  by  the 
radiometer’s  field  of  view,  Ag  Is  the  entrance  pupil 
area  (cm8)  of  the  radiometer,  3  is  the  sensitivity 
(Amp  V*1)  of  the  photocathode,  Tq  Is  the  transmit¬ 
tance  of  the  lens  and  Interference  filter  assembly 
at  Its  peak  wavelength,  and  AX  is  the  spectral  band¬ 
width  (l)  of  the  asseigily.  The  rms  noise  current, 

1  ,  present  on  this  cathode  current  vrlthlr.  the  elec- 
n 

trlcal  bandwidth,  Af  (Hz),  of  the  amplifiers,  Is 
ln  -  ^2  e  Af  1£  )  ^  (Aaqp)  , 

where  e  Is  the  electron  charge  (Coul). 

The  minimum-detectable  signal  must  produce  s 

peek  current,  t|(  that  le  k  times  the  noise  current, 

1  ,  The  factor  k  le  the  signal -to-nolse  ratio  and 
n 

must  be  ~  5  for  reliable  operation. 

For  s  monochromatic  source  of  minimum -detect¬ 
able  lrredlance,  h  ,  we  can  write 

■ 

1  -  k  1  •  h  A  3  T  (Amp)  , 

•  n  b  •  o 


or 
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larger,  l.e.,  the  detector  sensitivity  decreases, 
for  Increases  of  electrical  and  rpectral  bandwidth* 
and  of  *olld  angle  and  background  radiance,  and  for 
decreaie*  of  entrance-pupil  area,  cathode  sensitiv¬ 
ity,  and  tranmalttance  of  the  optic  *• 

f  or  a  contlnuvM  source  of  nlnl win-detectable 
spectral  lrradlance,  H^,  we  find 


l.  ■  *  *„  ’  Hw  Ae  3  To  ^  ’ 


or 


/  g*  £  \  n  \ X/* 

V  A.  8  To  / 


(V  cm-*  kml)  . 


In  this  case,  the  detector  becomes  more  sensitive  a* 
the  spectral  bandwidth  Increases  •,  the  dependence  of 
sensitivity  on  all  the  other  parameters  remains  as 
above* 

W*  have  used  the  parameter  values  given  In 
Table  III  to  derive  detector  sensitivities  for  this 
evaluation.  The  paraoeters  given  represent  the  best 
available  and  Dost  suitable  optical  coetponents  at 
each  wavelength.  The  daylight  radiance,  Is  con¬ 
servatively  assigned  to  be  Independent  of  wavs  length. 
The  actual  decrease  of  with  increasing  wavelength 
which  occurs  when  the  daylight  sky  Is  relatively 
clear  enhances  discrimination  effectiveness,  because 
all  discrimination -channel  background-light  noise 
signals  decrease  relative  to  3914  i ■  The  background 
radiance  at  night  can  be  icfl  times  mailer  than 
during  daylight,  but  It  still  remains  the  primary 
noise  source  In  properly -designed  radlcaeters. 

The  sensitivities  of  the  2-  and  5-ln.  a 11 -sky 
radiometer*  to  the  Na  IN  (0,0)  (391**-i)  radiation  of 
air  fluorescence  are  represented  by  the  rlnlsrjs -de¬ 
tec  table  lrradlances  at  3914  JL  Froa  the  appropriate 
paraoeters  of  Table  III,  we  find  that  for  daylight 
operation: 

h  (2-ln.)  •  1.0  x  10*T  W  ca**  , 

ID 

tad 

\  (5-ln.)  -  7.5  x  10-®  w  cn-*  . 

These  values  of  h_  are  related  to  the  aaxlmum 


Table  III.  Radiometer-Sensitivity  Parsuseters 


Lena 


Tetrameter 

Two-Inch 

Five -Inch 

Units 

Slgrxal -to- nolee 
ratio,  k 

5 

5 

Electrical  band¬ 
width,  hf 

8 

2 

KHs 

Solid  angle*,  (1 

4.3 

2.65 

•r 

Entrance  pupil 
area*,  A 

0.12 

1.4 

c** 

'  e 

Photocathode 
sensitivity,  Sq 

3914  k 

0.060 

0.060 

Amp  V-1 

4140  ; 

0.065 

0.065 

n  11 

-  5000  k 

0.053 

0.053 

n  N 

6563  k 

0.020 

0.020 

H  If 

Optics  and  filter 
transmission,  T  • 

391^  k 

0.17 

0.16 

4 140  . 

0.25 

0.22 

-  5000  k 

0.35 

0.31 

6563  k 

0.36 

0.32 

Spectral  band¬ 
width,  ftX* 

391**  k 

43 

20 

k 

4140  ; 

43 

40 

»» 

4950  , 

{ 

k 

220 

220 

” 

5000  ; 

50 

20 

H 

6563 ; 

k 

70 

20 

tl 

Spectral  radiance 
of  background, 


day 

10-® 

10"® 

Wcm^sr-1^1 

night 

10-“ 

10-“ 

■These  data  have  been  measured  and  are  presented  In 
Reference  7. 


distance,  R(ka),  from  the  earth  at  which  a  nominal 
nuclear  explosion  of  x-ray  yield  (kllotons )  can 
be  detected.  Bennett's  calculations1®  can  be  used 
to  Infer  the  ground-level  39l4-i  lrradlance,  h,  from 
this  nuclear  explosion.  If  the  efficiency  of 
Ha  IN  (0,0)  production  la  0.5  V  and  the  atmospheric 
transmission  Is  0.6, 

500  Tx 

h  -  - -  (W  cm-*) 

R* 

(For  a  1-kt  explosion  at  a  distance  of  10s  km,  the 
predicted  3914-i  lrradlance  Is  thus  3  x  10-e  W  cm-*.) 
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If  the  values  of  h^  given  above  ape  used  In  this 
expression,  the  systea  detection  ranges,  R,  are: 

R  (2-ln.)  -  5*5  *  lO4^  (tan)  , 

*»nd 

R  (5-ln.)  -  2.0xl09s/T  (tan) 

At  night,  the  background  spectral  radiance  de¬ 
creases  by  a  factor  of  —  lO^j  the  minimis -do  tec  table 
lrmdlance  decreases  by  a  factor  of  —  lO3;  and  the 
nuclear-detection  range  increases  by  a  factor  of 
-  JO.  The  maxlBvm  Increase  of  sensitivity  occurs  on 
moonless  nights. 

In  the  derivations  of  false-triggering  rates, 
ve  will  need  far  each  of  the  two  detectors t 

1.  the  minimum -detectable  spectral  lrradlaoce, 
H  ,  for  a  continuum  source  at  3914  A,  and 

2.  the  minimum -detectable  spectral  lrmdlance 
far  a  continuum  source  at  each  of  the  discrimina¬ 
tion  wavelengths,  relative  to  that  at  J914  A. 

From  the  parameters  of  Table  III,  we  find  that 
the  3914-A  minimum  detectable  spectral  lrradlances 
for  daylight  operation  are: 


(2-ln.)  -  2.5  x  10-*  W  cm"*  A*1  , 

and 

Hb  (5-ln.)  -  J.8  X  IO-10  w  cm-*  l*1  . 

At  night,  these  values  decrease  by  a  factor  of  -  103. 

To  obtain  the  sensitivity  of  one  detector  at 
wvelength  X1  relative  to  another  at  V^,  take  the 
Inverse  of  the  ratio  of  their  minimum -detectable 
spectral  lrradlances: 

r  i/« 

W  SUjJT,,^)  tXiXj 

■  •  ■  ■  • 

H.dJ  B(»o>  tofts*  ^ftp*. 

Detector  sensitivities  at  the  discrimination  wave¬ 
lengths,  relative  to  •  3914  l,  are  given  In  Table 
IV.  The  values  presented  far  the  two  lenses  are 
normalised  separately. 

There  Is  a  strong  Increase  of  relative  sensitiv¬ 
ity  with  Increasing  bandwidth,  as  comparison  of  nar- 


Table  IV.  Sensitivities  of  Radiometers  to  Continuum 
Radiation  Relative  to  3914  A 

_ Wavelength,  1 _ 


3914  4lj*0 

4g0 

5000 

6563 

Two-Inch 

Lens 

Bandwidth,  A 

*»3 

*3 

220 

50 

70 

Sensitivity 

1.0 

1.24 

2.96 

1.42 

1.06 

Five-Inch 

Lens 

Bandwidth,  A 

20 

40 

220 

20 

20 

Sensitivity 

1.0 

1.73 

4.37 

1.32 

0.83 

row  and  broad  channels  near  5000  A  shows.  This  In¬ 
crease  is  caused  by  the  fact,  discussed  earlier, 
that  the  Incident  spectrum,  which  Is  a  continuum, 
contains  more  energy  In  a  broad  bandwidth  than  In  a 
narrow  one. 

There  are  line  radiations,  as  ^11  as  a  contin¬ 
uum,  present  In  lightning  esxlsslons  In  same  of  the 
spectral  channels  shown  in  Table  IV.1  The  relative 
sensitivities  given  assume,  however,  that  the  Inci¬ 
dent  spectnas  Is  a  continuum  or  Its  equivalent, 
l.e.,  that  contributions  from  line  radiations  are 
treated  as  if  they  were  spread  over  the  entire  band¬ 
width  of  the  radiometer.  Thus,  the  strong  Ha-line 
radiation  at  6563  A  and  the  Nil  radiation  at  5000  V 
■suet  be  spread  over  broad  band  widths  In  the  2-ln . - 
lens  systea  and  much  narrower  ones  in  the  5-ln.  sys¬ 
tea.  The  efrects  of  the  line  radiations  relative  to 
the  continuum  radiations  also  present  win  thus  be 
different  In  the  two  systems.  We  will  use  different 
source  intensities  for  the  two  systems,  at  5000  and 
8583  A,  to  express  this  difference.  Radiation  In 
the  4l40-A  channel  Is  primarily  continuum  and  so  Is 
unaffected  by  differences  of  spectral  land  width . 

V.  CALCULATION  OF  FALSE -TRIGGER  INC  RATES 

The  evaluation  of  the  four  proposed  discrimina¬ 
tion  channels  for  the  detection  system  designs  based 
on  2-  and  5-ln.  lenses  must  include  the  effects  of 
the  following  variables:  detector  parameters  and 
background  radiation  which  affect  detector  sensitiv¬ 
ities,  lightning  emissions,  air-fluorescence  emis¬ 
sions,  and  atmospheric-transmission  parameters. 

Early  atteiqpts  to  evaluate  discrimination  capabilities1 


1** 


1 


Indicated  that  It  tms  necessary  to  consider  all  the 
variables  and  their  variations  simultaneously.  We 
therefore  developed  a  calculation  to  predict  statis¬ 
tically,  on  tlie  basis  of  all  the  variables,  the  nua- 
ber  of  false  triggers  of  a  detection  system  that 
would  be  produced  by  lightning  If  each  of  the  dis¬ 
crimination  channels  were  used.  The  calculation 
provides  a  means  to  compare  accurately  the  light¬ 
ning -discrimination  capability  of  the  various  chan¬ 
nels.  In  addition,  It  gives  an  estimate  of  tie  ac¬ 
tual  rates  at  which  lightning  will  produce  false 
triggers. 

A.  Variables  that  Affect  the  False-Triggering  Rate 

1.  Detector  teraaeters.  The  only  detector 
parameter  we  have  not  discussed  Is  the  discrimina¬ 
tion  ratio,  l.e.,  that  ratio  of  detection  to  dis¬ 
crimination-channel  signals  at  which  the  source 
Identification  changes.  If  spectra  similar  to  the 
air-fluorescence  spectrum  of  Fig.  1  are  to  be  dif¬ 
ferentiated  frcss  lightning  spectra,  a  J91U-l-to-dls- 
c  lml  nation -channel  ratio  of  10  vlU  effectively  sep¬ 
arate  the  two  distributions  of  signals  for  each  of 
the  discrimination  channels.  Therefore,  the  primary 
calculations  of  false-triggering  rates  were  baaed  on 
this  ratio  of  10.  The  variations  of  fhlse-trlgger- 
lng  rates  were  also  investigated  as  the  ratio  de¬ 
creased  fran  10,  to  account  for  nuclear  explosions 
that  deposit  large  energy  densities  in  the  atmos¬ 
phere. 

2.  Lightning  Emissions.  The  emissions  of 
lii  i  lng  have  been  discussed  In  the  first  three 
volu.  of  this  report.1*3  We  require,  first,  the 
distribution  function  of  spectral  Intensities  emit¬ 
ted  at  391*4  1  by  lightning  at  determined  from  the 
collimated -detector  data  and  presented  in  Volume  II.* 
In  sumary,  lightning  emits  391**-l  spectral  Intensi¬ 
fies  of  J  x  10*  to  107  W  sr*1  Jl*1,  with  a  most  prob¬ 
able  value  of  —  10*  W  sr*1  l"1. 

«e  also  require  distribution  functions  of  ratios 
of  spectral  intensity  emitted  by  lightning  at  391**  \ 
to  spectral  intensities  in  the  discrimination-chan¬ 
nel  pass  bands .  These  functions  have  been  derived  as 
follows. 

(a)  391l>-)lAl|»0-l  ratio.  For  the  2-ln.-lens 
system,  the  39lU-l/l»i40-l  distribution  function 
was  generated  from  all-sky  detector  data.  Wing 


has  shown  that  the  distribution  of  ratios  is  ’’lag- 
normal,''  l.e.,  that  the  logarithms  of  the  ratios 
have  a  "normal,''  Gaussian  distribution.  Thm  aver¬ 
age  ratio  Is  1.2;  the  average  deviation,  1 

For  the  3-ln.-lens  system,  we  used  the  391^*1/ 
**lkO-A  distribution  function  generated  with  colli¬ 
mated -detect  or  results.  Both  c  oil  lasted -detect  or 
bandwidth!  for  this  ratio  were  —  20  1,  and  the 
distribution  function  Is  broader  than  that  gener¬ 
ated  from  the  brnader-band  all-sky -detector  date. 
This  disparity  of  distributions  Is  probably  cauaed 
by  the  expected  greater  fluctuations  of  the  light¬ 
ning  spectrum  as  the  passband  becomes  narrower. 

We  use  the  d‘  strlbutlon  function  that  will  lead  to 
the  higher  predicted  false -triggering  rate.  Re¬ 
cently  reduced  results  have  been  added  to  the  data 
presented  In  Volume  II,*  giving  an  average  39l**-i/ 
UlUO-i  ratio  of  1.05  i  40*. 

(b)  3914.1A9504  ratio.  For  both  systems, 
the  391**-lA950-l  distribution  function  was  gener¬ 
ated  from  a  relatively  poor  sample  of  all-sky-de¬ 
tector  data,  recorded  by  Amato  with  a  **915-i> 
l7w-i-bandvidth,  2-ln.-lens  detector. 17  The  dis¬ 
tribution  used  Is  "log-normal,"  with  an  average 
ratio10  of  1.2  1  36*.#  To  be  conservative,  ve 
have  added  uncertainty  to  the  distribution  by  using 
an  average  deviation  twice  that  given  by  the  data. 
Amato  also  used  a  similar  rad  lose  ter  centered  at 
k&JO  l  during  the  19^3  lightning  study.8  Consider¬ 
ing  the  effects  of  an  apparent  sensitivity  change 
of  that  detector  during  daylight,  his  1<*)3  results 
and  the  1963  average  ratios  used  here  are  in  ex¬ 
cellent  agreement. 

(c)  391^-il/ 5000-1  ratio.  No  narrow-pas sband 
radiometers  were  operated  at  $000  l  during  any  of 
the  lightning  studies  because  the  possible  value 
of  this  spectral  feature  for  discrimination  was 
first  recognized  by  Connor  during  the  analysis  of 
the  siltless  spectra  taken  in  19^5 «l  The  present 
treatment  Is  sin  extension  of  his  discussion  of 
discrimination  in  the  context  of  a  more  quantita¬ 
tive  calculation.  Our  lack  of  detailed  knowledge 

•For  this  sample,  to  be  conservative,  we  have  used 
storm-1*1*  data  which  were  rejected  In  the  presenta¬ 
tion  of  Volune  III.  They  represent  a  substantial 
fraction  of  the  1965  data  sample,  and  modify  the 
ratio  distribution  so  as  to  Increase  the  predicted 
false  triggering  rate. 
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of  tne  variability  of  the  39l4-JL/5000-i  ratio, 
however,  ha.,  forced  ua  to  be  conservative  la  our 
estimate  of  the  distribution  function,  and  so  we 
nay  unde  re  at  Laate  the  effectiveness  of  3000  A  far 
dl serial  nation,  our  false  triggering  rates  far 
3000 -1  discrimination  therefore  approx  lea  te  an  up¬ 
per  Halt  to  those  that  would  be  predicted  with 
proper  Input  data. 

Connor  has  genarated  average  ratios  and  their 
distribution  functions  froa  50  return-stroke  slit20 
and  slltless1  spectra.  Far  20- l- wide  spectral 
channels,  representative  of  ths  5-ln. -lens  systes,7 
he  finds  the  3914-1/5000-1  ratio  to  be  0.5  1  25*. 

We  have  ueed.  Instead,  a  log-noreal  distribution 
with  an  average  ratio  of  0.67  and  an  average  devi¬ 
ation  of  1  40%.  The  average  ratio  was  Increased 
to  O.67  because  other  types  of  lightning  phenom¬ 
ena,  such  as  cloud  pulses,  are  not  represented 
among  the  spectrograph  data.  These  phenomena  are 
probably  weaker  pulses  and  my  have  a  lower  degree 
of  Ionization  than  return  strokes.  If  so,  the 
5000-1  Nil  feature  would  be  considerably  weaker, 
relative  to  3914  1,  than  the  return-stroke  average. 
We  substantiate  this  argument  as  follows.  Contin¬ 
uing  currants  are  wsak  phenomena  for  which  epectra 
were  obtained;  they  show  weaker  Nil  3000-1  radia¬ 
tion  than  do  higher-current  return  strokes.1  We 
feel  that  the  ratio  of  0.67  Is  a  conservative 
average  of  3914-1/5000-1  ratios  far  20-1  banJ- 
wldths  from  a  data  sample  Including  all  lightning 
phenomena.  The  average  deviation  of  t  40%  of  the 
average  ratio  la  typical  of  average  deviations  de¬ 
rived  from  the  coll  lasted -detec  tar  data  for  other 
wavelengths  and  20-1  band widths . 

Far  a  50-I-wide  channel  at  3000  1  and  a  43-1- 
wlde  channel  at  3914  l,  representative  of  a  2-ln.- 
lens  system,7  the  5000-1  line  contribution  must  be 
reduced,  thereby  Increasing  the  3914-1/5000-1  ra¬ 
tio.  The  continuum  level  at  this  point  an  the 
epectrum  Is  known,  relative  to  3914  1,  froa  the 
3914-1/4915-1  data  discussed  above.  We  have  ueed 
an  average  3914-1/5000-1  ratio  of  1.0  1  40%,  where 
the  average  deviation  is  again  40%. 

(d)  3914-1/6563-1  ratio.  Far  the  20-1 -width 
channels  of  the  5 -In. -lens  system,  we  have  ueed 
the  distribution  function  derived  from  c  oil  lasted - 
detector  data  and  presented  In  Volume  II.2  The 


average  3914-1/6563-1  ratio  Is  0.4?,  its  average 
deviation  la  t  40%. 

For  the  70- 1- wide  6563-I  channel  of  the  2-ln.- 
lens  system,7  the  6563-I  Ha  line  contribution  Is 
smaller  t  nan  that  for  a  20-1-wlde  channel.  The 
3914-1/0563-1  ratio  derived  from  the  all-sky -de- 
tec  tor  lightning  results  cannot  be  used,  owing  to 
a  filter  imperfection.3  We  have  used  a  conserva¬ 
tive  average  3914-1/6563-1  ratio  of  O.83  t  40% 
with  a  "lag-normal"  distribution. 

3.  Atmospheric  Transmission.  To  predict  false- 
triggering  rates  of  an  all-sky  detection  system,  we 
must  knew  how  the  spectral  lrradlance,  H,  at  the  de¬ 
tector  depends  on  the  spectral  Intensity,  I,  emitted 
by  llghtnli^;  as  a  function  of  distance,  x,  and  wave¬ 
length,  X .  We  have  presented  this  subject  In  Volume 
III3  of  this  series;  the  conclusions  are  summarized 
below. 

Five  factors  Influence  the  distance  dependence 
of  signals  detected  by  an  all-sky  radiometer  at  any 
wavelength. 

(a)  The  Inverse-square  law  decreases  the  detec¬ 
ted  lrradlance  with  Increasing  distance  by  a  factor 
of  x”*. 

fb)  Atmospheric  scattering  and  losses  through 
the  top  and  bottom  of  the  atmosphere  decrease  the 
detected  lrradlance  approximately  exponentially 
with  distance  by  a  factor  of  exp(-ueffx),  where 
u#ff  is  an  effective  extinction  coefficient  (ka_l). 

(c)  The  final  acatterlng  Into  the  all-sky  de¬ 
tector's  entrance  pupil  is  proportional  In  strength 
to  the  scattering  coefficient,  uB(km_l),  above  the 
detector,  In  the  absence  of  clouds. 

(d)  Clouds  above  the  all-sky  detectors  can  add 
strong  scattered  signals,  relatlva  to  atmospheric 
volume  scattering.  We  have  used  a  variable  factor 
to  account  for  (c)  and  (d', ,  as  discussed  below. 

(e)  The  measured  lrradlance  depends  an  the  all¬ 
sky  detector's  field  of  view  by  s  factor  of  g  which 
represents  the  fraction  of  Incident  scattered  light 
collected.  Thus,  for  a  "spherical,"  uniformly  res¬ 
ponsive  detector,  g  ■  1. 

The  distance  dependence  of  the  spectrum  detected 
by  an  all -sky  detection  system,  relative  to  3914  1, 

Is  not  affected  by  the  Inverse-square  law,  whica 


16 


operates  equally  at  all  wavelengths .  If  all  the  de¬ 
tectors  are  of  the  sane  type,  their  fleld-of-view 
factors  are  also  equal.  The  mortifications  of  the 
relative  spectrum  are  thus  caused  only  by  atmospheric 
scattering  and  lie  between  the  following  extremes. 

In  a  dense  atmosphere  with  visibility  of  23  km 
or  less,  the  detected  relative  spectrum  does  not 
differ  frcm  tne  emitted  spectrum,  to  a  good  approxi¬ 
mation. 

In  a  clear  atmosphere  In  which  the  visibility 
Is  ~  100  to  or  greater,  the  relative  spectrum  may  be 
modified  as  follows.  Kor  source-to^letector  dis¬ 
tances  of  4o  to  or  less,  the  spectrum  recorded  by  an 
all-Si<;  detector  of  120°  or  165°  field  of  view  is 
stronger  In  the  blue  tiian  the  source  spectrum  be¬ 
cause  blue  light  scatters  more  strongly  Into  the  de¬ 
tector's  entrance  pupil  than  does  red  light.  This 
enhancement  con  ne  as  much  as  a  factor  of  2  for  3911* 
vs  656)  A .  Kor  distances  of  60  to  or  greater  the 
red  end  of  the  spectrum  Is  enhanced  (by  as  much  as  a 
factor  of  3  «t  100  to)  at  6563  l  relative  to  3911*  JU 
This  red  enhancement  Is  caused  by  a  loss  of  blue 
light,  by  scattering,  over  the  long  path  to  the  de¬ 
tector.  ';ne  change  frcm  blue  to  red  enhancement  oc¬ 
curs,  and  the  detected  spectrum  is  the  same  as  the 
source  spectrum,  at  about  30  to. 

Clouds  over  the  shorter  source-to-detector 
scattering  paths  minimize  tne  blue  enhancement  of 
the  relative  spectrum  owing  to  the  large  contribu¬ 
tion  at  all  wavelengths  of  light  scattered  at  the 
lower  cloud  surface.  The  red  enhancement  at  larger 
distances  may  occur  with  clouds  over  the  detector  If 
most  of  the  light-propagation  path  Is  through  a 
clear  atmosphere. 

We  have  derived  the  following  values  of  the  pa¬ 
rameters  „  and  g  for  all-sky  detectors. 

(a)  The  effective  extinction  coefficient, 

„erj.,  Is  Invariably  less  than  the  atmospheric  ex¬ 
tinction  coefficient,  u«  Thus,  the  all-sky  detec¬ 
tor  slgna’s  at  all  wavelengths  decrease  more  slow¬ 
ly  with  Increasing  distance  than  the  direct-path 
distance  dependence  of  exp(-ux),  owing  to  the 
stronger  scattered  light  incident  from  sources  at 
greater  distances. 

The  relationship  between  and  w  cannot  be 
derived  precisely  from  available  data.  We  know 


from  preliminary  calculations  that  weff  varies 
from  ~  0.5  u  for  u  •  0.03  km"1  (>  100- km  visibil¬ 
ity)  to  —  0.25  u  for  u  “  0.2  km*1  (20- to  visibil¬ 
ity).  We  infer  from  the  lack  of  distance  depend¬ 
ence  of  the  relative  spectrum  for  dense  atmos¬ 
pheres  that  1*  approximately  Independent  of 

wavelength  for  m  >0.15  to*1. 

(b)  The  fleld-of-vlew  factor,  g,  Is  approxi¬ 
mately  equal  to  f)/2rr ,  where  ft  Is  the  solid  angle 
subtended  by  the  detector's  field  of  view. 

At  3911*  A,  the  relation  between  the  emitted 
spectral  Intensity  I  (w  sr*1  A*1)  and  the  detected 
lrradlance  H^x)  (W  cm-2  A*1)  at  distance  x  (to)  in 
the  absence  of  clouds  is  approximately 


The  factor  or  10 10  is  required  by  the  different 
units  of  H  and  x. 

To  account  approximately  for  the  variation  from 
a  clear,  cloudless  atmosphere  through  a  denser, 
clouded  one,  we  have  multiplied  H(x)  by  a  factor,  k, 
which  varies  fren  0.5  to  2.  The  atoller  values  rep¬ 
resent  a  clear  atmosphere  In  which  H(x)  Is  propor¬ 
tional  to  The  larger  values  are  valid  when 

clouds  are  present  over  the  detector. 

3.  Calculation  Method 

The  false -triggering  rate  for  a  given  pair  of 
detectors  under  given  atmospheric  conditions  is  cal¬ 
culated  as  follows. 

1.  A  lightning  pulse  is  assumed  to  occur  at  a 
distance,  x,  from  the  detector. 

2.  A  small  range  of  J91**-Ji  spectral  intensi¬ 
ties,  say,  I  to  I  ♦  61,  1*  assumed  for  this  pulse. 

I  must  fall  between  3  x  10*  and  10T  W  sr*1  l*1, 
where  lightning  is  known  to  radiate.®  The  probabil¬ 
ity,  6F(I),  that  the  spectral  Intensity  Is  between  I 
and  I  +  61  Is  given  by  the  distribution  function* 

6F(I)  -  [df/d  (log  I)]  61 /I  . 

3.  Tnls  pulse  can  be  detected  by  the  391*‘-i 
detector  if  its  intensity,  I,  produces  a  spectral 
lrradlance,  H,  at  the  detector  that  Is  larger  than 
its  mlnlmun^letectat le  spectral  lrradlance,  1^.  H 
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la  calculated  from  I  and  the  propagation  mech&nl sm* 
and  la  compared  with  HB- 

k.  If  the  pulae  can  be  detected  at  591**  l,  It 
can  alao  produce  a  falae  trigger.  Whether  It  doea 
ao  depend  a  an  the  relative  etrength  of  the  dlscrlml- 
nation -channel  apectral  lntenalty. 

(a)  If  the  dlacrlailnat lan -channel  apectral  ln¬ 
tenalty  radiated  la  ao  lav  that  the  algnal  at  the 
detector  la  be  lea/  It  a  mini  ana -detectable  apectral 
lrradlance,  H^',  a  "below-thre ahold"  falae  trigger 
occur  a.  The  Halting  discrimination -channel  apec¬ 
tral  lntenalty,  I  can  be  calculated  fra  H  ' 

B  B 

and  propagation  aechanlama,  and  the  ratio 
Rffl  -  i/l^'  can  be  formed . 

(b)  If  the  dlacrlalnatlon-channel  apectral  ln¬ 
tenalty  redleted  la  ao  low  that  the  ratio  of 
591**-i  to  dlacrlalnatlon-channel  apectral  lrradl- 
ances  at  the  detector  la  greater  than  the  discrim¬ 
ination  ratio,  Rc,  that  defines  lightning  vs  alr- 
fluoreacence  Identification,  a  source  alsldantl- 
flcatlon  falae  trigger  occurs.  The  Halting  spec¬ 
tral-intensity  ratio,  R(,  at  the  source  can  be 
calculated  frem  R£  and  propagation  mechanisms. 

5.  If  the  pulse  has  a  591^-1  to  dlacrlal na¬ 
tion -channel  spectral  Intensity  ratio  greater  than 
either  R^  or  R>#  a  falae  trigger  of  one  type  or  the 
other  occurs.  The  probability  of  this  false  trigger 
la  the  product  of  a)  the  probability  that  the  pulae 
has  a  5911*-!  apectral  lrradlance  In  the  interval 

(I,  I  ♦  Al ),  and  b)  the  probability  that  the  ratio 

la  greater  than  either  R  or  R  ,  which  can  be  ob- 

as 

talnsd  frea  the  appropriate  apectral -Intensity -ratio 
distribution  function. 

6.  The  calculation,  at  distance,  x,  la  per- 
famed  far  all  values  of  I  radiated  by  lightning. 

The  probabilities  are  summed .  This  calculation 
gives  for  a  stroke  that  occurs  a  horlrontal  dis¬ 
tance,  x,  froa  the  detectors  the  probability  that  It 
can  be  detected  at  >91^  k  and  the  probability  that 
It  will  produce  a  falae  trigger. 

7.  The  calculation  la  repeated  far  all  dis¬ 
tances,  x,  fron  1  la  to  a  distance  so  great  that  no 
lightning  pulae  can  be  detected.  The  results  at 
each  distance  are  weighted  as  though  am  lightning 
stroke  occurs  an  every  square  kilometer ,  and  they 
are  sussmd  far  all  distances. 


8.  The  calculation  outputs  are  a)  the  number 
of  pulses  detected  at  591**  l,  end  b)  the  number  of 
false  triggers  received,  assuming  that,  an  the  aver¬ 
age,  am  lightning  stroke  has  occurred  an  every 
square  kllcneter  near  the  detection  station.  Also 
retained  In  the  calculation  outputs  Is  c)  the  de¬ 
pendence  of  each  of  the  probabilities  on  distance, 
x. 

9«  The  false-triggering  rates  per  storm  can  be 
estimated  by  assigning  -  10*  pulse  to  each  storm. 
This  value  repre ssnt ■  an  active  storm  of  500  flashes 
with  an  average  of  20  pulses  each.  As  an  example, 
for  a  given  sert  of  conditions,  If  lightning  can  be 
detected  to  a  maxi  min  distance  of  yS  km,  the  number 
of  pulses  assumed  by  the  calculation  at  the  rate  of 
am  per  square  kilometer  would  be  ~  1  x  104,  repre¬ 
senting  am  stam  spread  uniformly  throughout  the 
56 -km  radius. 

C.  Results 

We  first  present  predicted  false -triggering 
rates  for  typical  daylight  and  night  conditions. 
These  results  are  adequate  for  evaluating  the  rela¬ 
tive  merits  of  the  four  discrimination  channels  for 
a  given  detection-system  design  and  for  comparing 
the  two  designs.  Ue  then  discuss  to  what  extent  the 
relative  evaluation  and  the  predicted  false-trigger¬ 
ing  rates  depend  on  Input  parameters,  and  so  define 
the  errors  of  the  evaluation  method. 

1.  Typical  Conditions.  Our  primary  calcula¬ 
tions  have  been  made  under  the  following  atmospheric 
conditions.  The  effective  extinction  coefficient 
was  O.OSO  km*1  which  represents  a  relatively  dense 
atmosphere  at  Los  Alamos  altitude  but  a  typical  am 
at  sea  level.  The  factor,  g,  (eee  Part  A  ’>)  vas  0.6 
for  the  I650*  2-ln.-lens  system  and  0.5  for  the  120°, 
5 -in. -lens  system.  The  cloud  factor,  k,  was  assumed 
to  be  1.0.  The  relative  spectrum  detected  by  the 
two  detection  systems  was  assianed  to  be  Independent 
of  distance.  These  Inputs  represent  typical  atmos¬ 
pheric  conditions  es  derived  from  deta  of  the  1965 
lightning  study.3 

The  primary  results  are  based  on  the  use  of  e 
discrimination  ratio  of  10  as  the  llvlslon  between 
elr  fluorescence  (higher  ratios)  and  lightning. 

With  this  value,  all  false  triggering  Is  caused  by 
below-threshold  signals  incident  at  the  discrimina¬ 
tion  wavelength. 
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Table  V.  False  Triggers  Caused  by  One  Lightning  Pulse  per  Square  Kilometer 


Sy  item 

Lens 

Time 

Ifuclmar 
Detection 
Range,  km 

Lightning 
Detection 
Range,  km 

Two-  Inch 

Day 

5.5  x  lO4^ 

46 

Night 

1.7  x  10“  JTx 

110 

Five-inch 

Day 

2.0  x  103  x  Yx 

60 

Night 

6.0  x  10“ 

126 

Pulses 

Detected 
at  3911*  1 

false  Triggers 

4140  A 

49^0  A 

5000  A 

500 

56 

0.19 

~  14 

25 

10,300 

400 

1.9 

~  140 

24( 

1250 

26 

0.01 

<6 

22 

16,000 

190 

0.05 

-56 

145 

The  outputs  of  the  calculation  for  these  atmos¬ 
pheric  conditions  are  given  in  Table  V,  assuming  one 
pulse  per  square  kilometer.  This  calculation  pre¬ 
dicts  fractional  false  triggers,  owing  to  the  way 
the  probabilities  are  computed. 

(a)  Tvo-lnch-lens  system,  daylight .  Of  the 
6650  pulses  produced  vrlthln  the  lightning  detec¬ 
tion  range  of  46  km,  500  are  detected  by  the 
5914-A  detector.  This  snail  fraction  la  a  conse¬ 
quence  of  the  rapid  decrease  of  the  probability 
that  an  emitted  pulse  can  be  detected  as  the 
source-to-detector  distance  Increases.  About  sev¬ 
en  percent  of  the  pulses  detected  produce  false 
triggering  If  4l40  A  Is  used  for  discrimination. 
This  rate  Is  larger  than  that  predicted  by  the 
1963  analysis"  because  of  the  Incorporation  of  be- 
low-thresnold  false  triggering.  The  6565-  and 
5000-1  channels  are  factors  of  1.6  and  >2.7  bet¬ 
ter  far  discrimination  than  4l40  1,  respectively. 
The  200-1-wlde  channel  at  1*950  A  Is  ~  200  times 
better  than  4l4o  1  for  discrimination.  The  Im¬ 
provement  represents  the  decrease  of  below-thresh- 
old  false  triggering  when  a  broad,  continuum-sens¬ 
ing  discrimination  channel  replaces  •  narrower  one. 

(b)  Two-lnch-lens  system,  night.  At  night  the 
nuclear-explosion  detection  range  Increases  ~  30 
times;  the  maaber  of  lightning  pulses  detected  at 
3914  I  Increases  ~  20  times;  and  false  triggers 
Increase  —  10  times. 

(c )  Five -Inch-lens  system,  daylight.  The  5-ln. 
system  has  ~  3-5  times  greater  nuclear-explosion 
daylight  detection  range  than  the  2-ln.  system  and 
It  detects  2.5  times  as  many  lightning  pulses  at 
J914  A.  However,  there  Is  less  false  triggering. 
These  characteristics  are  caused  by  the  larger  en¬ 


trance  pupil  and  narrower  J914-A  pas  stand  of  the 
5-ln.  lens7  which  Increase  the  sensitivity  to  the 
narrow  bandwidth  Hg  (0,0)  (391^-1)  emission  of  air 
fluorescence  but  decrease  sensitivity  to  the 
lightning  continue®.  There  Is  a  factor  of  ~  4 
decrease  In  fal.’e  triggering  relative  to  4140  and 
6563  A  if  a  20-1  ''and  at  5000  1  Is  used  for  the 
discrimination  channel.  This  substantiates  Con¬ 
nor's  preliminary  conclusion  of  Volume  I.1  How- 
ever*  there  lo  a  much  larger  ligpr rr/eincnt  of  dls- 
crimination  capability  with  the  220-1-band  width 
channel  at  4950  1:  false  triggering  Is  —  3000 
times  leas  than  with  4l40-l  discrimination.  We 
limit  the  predictions  at  4950  1  for  the  5-ln.  sys¬ 
tem  to  order-of-magnltude  estimates,  as  will  be 
discussed  later. 

(d)  Flve-lnch-lens  system,  night.  At  night, 
the  nuclear -explosion-detection  range,  the  number 
of  pulses  detected  at  3914  A,  and  the  number  of 
false  triggers  Increase  by  factors  of  —  JO,  ~  13, 
and  ~  6,  respectively. 

2.  Estimate  of  Actual  Fa] se-Triggorlng  Rates. 
The  actual  rates  at  which  false  triggers  will  be  re¬ 
ceived  can  be  estimated  by  Aultlplylng  the  calcula¬ 
tion  results  for  typical  atmospheric  conditions, 
which  assuae  one  lightning  pulse  per  square  kilome¬ 
ter,  by  an  estimate  of  the  actual  number  of  pulses 
per  detected  storm  that  fall  on  that  square  kilome¬ 
ter. 

The  maximum  distance  from  which  lightning  can 
be  detected  in  day!  lght  is  ~  60  km  for  the  5-in. 
system.  The  area  within  this  "detection  range"  cir¬ 
cle  Is  1.1J  x  104  km8.  Thus,  the  rate  of  1  pulse /km2 
used  In  the  calculation  Is  approximately  equivalent 
to  one  active  storm  averaged  in  its  effect  over  the 
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T»  li  VI.  Yearly  False-Triggering  Rate j  of  Detection  Systems 


System 

Lens 

Tine 

Nominal 
Detection 
Range,  tei 

Pulses 

Detected 
at  3914  A 

Two-lncn 

Day 

5.*“  *  104 

5000 

Night 

1.7  X  10® 

20,600 

"ote.l 

— 

23,600 

Five-Inch 

Day 

2.0  X  105 

12,500 

Nlgnt 

6.0  x  10®  JT 

X 

32,000 

Total 

•- 

44,500 

entire  area  vlthin  daylight  detection  range  of  the 
detection  station.  The  number  of  false  triggers 
given  for  daylight  sensltlvles  Is,  therefore,  with¬ 
out  correction,  the  average  number  of  false  triggers 
per  daylight  storm. 

At  night  the  detection  range  Increases  to 
120  tan  for  the  5-ln.  system,  an  area  of  ~  5  x  104  tel*. 
Ti  e  assigned  rate  of  1  pulse/kn*  produces  a  total 
number  of  pulses  equivalent  to  five  active  storms. 
Ti.us,  the  numbers  of  pulses  given  In  Table  V  for 
night  stoma  should  be  multiplied  by  0.2  to  give  the 
per- storm  false -triggering  rate. 

Let  us  consider  a  detection  station  at  a  site 
that  records  an  average  of  20  daylight  storms  within 
detection  range  per  year.  Storms  vary  In  activity, 
and  we  assume  that  these  20  storms  are  equivalent  to 
10  active  storms  that  produce  104  pulses  each.  This 
storm  rate  is  roughly  equivalent  to  one-half  the 
rate  recorded  at  Los  Alamos,  where  the  thunderstorm 
activity  Is  higher  than  the  average  for  the  rest  of 
tr.e  country.*1 

Malan  shows  that  the  probability  per  unit  area 
of  a  night  stem  is  —  0.2  times  the  daylight  proba- 
r  1 1  lty  .**  However,  the  area  over  which  lightning 
car  be  detected  is  ~  5  time,  larger  at  night  than  In 
daylight.  Therefore,  approximately  equal  numbers  of 
storms  are  recorded  during  day  and  night. 

The  false  triggers  per  year  at  our  hypothetical 
detection  site  under  typical  conditions  are  given  In 
Tajle  VI.  for  4140-  and  6563-A  discrimination  there 
are  —  103  raise  triggers  per  year.  Ah  Improvement 
of  a  factor  of  ~  4,  to  <  100  to  400  false  triggers 


False  Triggers 


4140  A 

49^0  A 

£000  A 

0*3  A 

300 

1.9 

<  140 

230 

000 

3.6 

<  200 

400 

1100 

5.7 

<  420 

710 

260 

0.1 

<  60 

220 

300 

0.1 

<  76 

290 

660 

0.2 

<  136 

510 

per  year,  can  be  realized  by  use  of  5000  A  for  dis¬ 
crimination.  However,  the  4 950. A  discrimination 
channel  will  pass  —  6  false  triggers  of  a  2-in.  sys¬ 
tem  per  year  and  approximately  one  false  trigger  of 
a  5-ln.  system  per  5  years. 

3.  Dependence  of  Predictions  on  Parameters 

(a)  Effective  extinction  coefficient,  u.  Ue 
have  aide  false-triggering  rate  predictions  for 
effective  extinction  coefficients,  y,  of  0.040, 
0.000,  0.120,  0.20,  and  0.40  km*1,  assuming  that 
the  extinction  coefficients  are  Independent  of 
wavelength.  The  numbers  of  pulses  detected  at 
3914  A,  and  the  numbers  of  raise  trlggeis  given 
above  for  u  ■  0.000  mb*1,  must  be  multiplied  by  a 
factor  of  ~  2  for  u  ■  0.040  km*1  and  by  a  factor 
of  ~  0.6  for  u  •  0.120  km*1.  These  results  are 
typical  of  atmospheric  conditions  for  storms  far¬ 
ther  than  10  km  from  tne  detectors.  When  the 
storm  passes  over  the  detector  position,  extinc¬ 
tion  coefficients  of  0.20  and  0.40  km*1  can  be  ap¬ 
plicable.  For  these  cases,  the  numbers  or  pulses 
detected  at  3914  A  with  u  ■  0.000  km*1  decrease  by 
factors  of  5  and  0,  respectively,  and  the  numbers 
of  false  triggers  predicted  decrease  by  approxi¬ 
mately  the  aame  factors. 

The  relative  nisnbers  of  false  triggers,  for  the 
two  systems,  change  by  less  than  as  the  effec¬ 
tive  extinction  coefficient  changes  from  0.040  to 
40  km*1. 

fb)  Cloud  factor,  k.  The  cloud  factor,  k,  has 
been  varied  in  the  calculations  of  false -trlgger- 
lng  rates  to  account  for  variations  of  scattering 


20 


rechanlama  under  different  atmospheric  conditions. 
Larger  k-value«  mean  that  the  system  Is  more  sen¬ 
sitive  to  lightning,  so  that  more  pulses  are  de¬ 
tected  it  591**  A  «rd  more  false  triggering  occurs. 
Over  the  range  0.5  *  k  *  2,  the  numbers  of  pulses 
detected  at  391**  A  and  the  numbers  of  predicted 
falsa  triggers  vary  by  t  *»01t.  The  relative  rates 
at  which  false  triggering  occurs  when  two  discrim¬ 
ination  channels  or  systems  are  can  pa  red  arr  Inde¬ 
pendent  of  k. 

tc )  Wavelength  dependence  of  M.  As  noted,  the 
spectrum  of  lightning  frtn  a  storm  In  an  otherwise 
clear  atmosphere  can  be  modified  In  Its  propaga¬ 
tion  to  the  detectors.  In  a  clear  atmosphere,  the 
numbers  of  pulses  detected  at  391**  A  by  both  de¬ 
tection  systems,  and  the  false  triggering  rates  of 
>•11  2-ln.-lens  discrimination  channels,  are  about 
twice  those  In  the  denser  atmosphere.  False  trig¬ 
gering  of  the  5-ln.  system  Increases  by  a  factor 
of  ~  2  at  **1**0  l  and  a  factor  of  1.6  at  6563  A, 
and  Is  relatively  unaffected  at  **950  and  VOO  A. 

(d)  Discrimination  ratio.  The  previous  results 
have  been  derived  under  the  assumption  that  dif¬ 
ferentiation  between  lightning  and  laporatory  air- 
fluorescence  spectra  was  required.  However,  we 
have  eh  cam  that  nuclear-exploslon-exclted  air- 
fluorescence  spectra  can  differ  from  the  labora¬ 
tory  spectrum,  particularly  in  the  H*  1TI  (0,0), 
391***A»  feature,  when  the  energy  deposited  In  the 
atmosphere  Is  large.  The  discrimination  system 
can  Identify  these  spectra  properly  only  If  the 
discrimination  ratios  are  reduced  from  the  value 
of  10  assumed  In  the  previous  calculations.  When 
lower  values  of  the  discrimination  ratio  are  re¬ 
quired,  aource-mlsldentlflcatlon  false  triggering 
may  be  produced. 

To  Investigate  the  effects  of  reduced  discrimi¬ 
nation  ratios,  we  have  made  false-trlggerlng-rate 
calculations  In  which  the  discrimination  ratio  was 
varied  as  a  parameter.  The  calculations  were  omde 
for  two  atmospheric  conditions:  typical,  dense 
atmosphere  and  a  clearer  atmosphere.  Results  for 
**1**0-  and  **950-11  discrimination  are  ah  own  In 
Fig.  2;  (a)  and  (b)  give  results  for  the  2-ln.- 
lens  system  In  typical  and  clear  atmospheres,  re¬ 
spectively,  and  (c)  and  (d)  give  similar  results 
for  the  5-ln.-lens  system. 


In  the  dense  atmosphere,  source  alsldentlfl- 
catlons  begin  to  Increase  the  false -triggering 
rate  at  the  discrimination  ratio  becomes  <  5>  tear 
t»lhO-A  discrimination,  a  discrimination  ratio  of 
2.3  with  the  2-in .  system,  and  3*3  with  the  5-ln • 
system  correctly  Identifies  all -air -fluoresce  nee  - 
pulae  spectra  except  those  derived  from  Blueglll, 
with  lets  than  a  factor  of  2  Increase  of  the  false 
triggering  rate  relative  to  below-threshold  false 
triggering.  The  Blueglll -derived  spectra  cannot 
be  identified  properly  by  an  effective  discrimina¬ 
tion  system  based  on  **1**0  A. 

For  **950-A  discrimination,  a  discrimination 
ratio  of  3*5  for  the  2-lm.  system  correctly  Iden¬ 
tifies  all  air-fluorescence  pulses,  and,  although 
the  false-triggering  rate  Is  Increased  a  factor  of 
~  3  relative  to  below-thre ahold  false  triggering, 
**950-1  remains  significantly  better  than  other 
imvelengtha  far  discrimination.  The  Increase  in 
the  false  triggering  rate  of  the  5-ln.  system  from 
source  mlaldentlflcatlons  occurs  for  a  discrimina¬ 
tion  ratio  that  Is  significantly  lower  than  any 
produced  by  air- fluoresce  nee  pulses.  Therefore,  a 
discrimination  ratio  of  6  correctly  Identifies  all 
air- fluorescence  sources  and  does  not  Increase  the 
false-triggering  rate. 

If  atmospheric  scattering  causes  a  blue  en- 
hanceaent  of  the  lightning  spectrum,  as  amy  occur 
In  clear  atmospheres,3  the  discrimination  systems 
are  mare  subject  to  aource-mlsldentlflcatlon  false 
triggering  because  the  blue  enhancement  effectively 
shifts  the  lightning  spectral  intensity  ratios  to¬ 
ward  the  ratios  of  air- fluorescence  pulses.  Fig¬ 
ures  2(b)  and  (d)  represent  a  clearer  atmosphere 
than  do  (a)  and  (c),  with  a  blue  enhancement  and 
distance  dependence  of  the  lightning  spectrum  as 
discussed  earlier .  Because  the  atmosphere  Is  clear¬ 
er,  and  lightning  can  be  detected  from  larger  dis¬ 
tances,  the  below-thre  ahold  false -triggering  rates 
of  (b)  and  (d)  differ  from  those  of  (a)  and  (c). 

The  Increases  of  fa  lee -triggering  rates  due  to 
source  mlsldentlflcetlons  show  the  same  qualitative 
behavior  as  those  for  the  unmodified  spectrum.  For 
both  lens  systems,  **1**0-A  false  triggering  increases 
by  a  factor  of  <  2  by  source  mlsldentlflcetlons, 
owing  to  the  high  be  low-threshold  false-triggering 
rates,  with  *»950-A  discrimination,  the  2-ln.  system 
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Fig.  Dependence  of  raise -triggering  rate  on 

mean  deviation  of  the  3914-AA950-A  dis¬ 
tribution* 

false-triggering  rate  Increases  by  a  factor  of  5 
but  reran In «  significantly  better  than  that  for 
other  channels.  The  5-ln.  system  with  a  1*9$0-A 
discrimination  ratio  of  —  6  Is  not  affected  sig¬ 
nificantly  by  source-mlsldentlflcatlon  false  trig¬ 
gering,  and  can  properly  Identify  all  the  air- flu¬ 
orescence  pulses. 

False -triggering  rates  with  $000-  and  6563-A 
discrimination  behave  similarly  to  the  *sl40-A 
rate  as  the  discrimination  ratio  Is  decreased. 

The  belov-threahold  false  triggering  rates  of 
these  systems  are  large  enough  that  source -mis - 
Identification  false  triggering  Is  relatively  un¬ 
important  throughout  the  range  of  air-fluorescence 
pulse  ratios,  except  for  the  specific  case  of 
Starfish  far  vhlch  effective  discrimination  vlth 
6565  A  Is  Impossible. 

(e)  391I»-AA950-A  distribution  function.  The 
predictions  of  false-triggering  rates  for  U950-A 
discrimination  are  at  the  limit  of  accuracy  of  the 
calculations.  These  results  are  strongly  Influ¬ 
enced  by  the  shape  of  the  spectral -Intensity -ratio 


distribution  function  for  large  values  of  the 
59lV-i/>»9$0-H  ratio.  As  w  noted  earlier,  the 
data  sample  leading  to  this  distribution  function 
was  limited.  Therefore,  the  predictions  should 
considered  as  an  order -o f-aagnlt.de  estimate  of 
the  false  triggering  produced  when  *»950  A  is  used 
far  discrimination. 

To  evaluate  the  affect  of  variations  in  width 
of  the  distribution  function,  we  have  predicted 
false -triggering  rates  If  the  msan  deviation  of 
the  3911*-A/1»950-A  ratio  distribution  Increases 
beyond  $6£,  as  shown  In  Fig.  J .  The  5-ln. -lens 
system  is  particularly  sensitive  to  Increases  of 
the  mean  deviation;  the  false -triggering  predic¬ 
tion  Increases  by  a  factor  of  almost  10  far  a  msan- 
dsvlatlon  change  from  ySf  to  Uof,  The  discrimina¬ 
tion  capability  ream  Ins  substantially  better  than 
that  of  any  other  channel  even  for  a  mean  devia¬ 
tion  as  large  as  50$,  although  w*  feel  that  a  msan 
deviation  larger  than  kof  is  extremsly  Improbable . 
As  we  have  nrted,  the  mean  deviation  of  ySf  already 
represents  a  doubling  of  the  distribution  width 
given  by  the  date. 

(f)  **950- A  bend  width.  To  obtain  maximal  dis¬ 

crimination  effectiveness  when  a  continuum  channel 
Is  used,  the  largest  possible  spectral  bandwidth 
should  be  employed.  We  haw  derived  the  bandwidth 
of  220  A  at  1*950  A  as  the  broadest  band  that  can 
be  fit  betwen  maxima  of  the  air-fluorescence 
spectrum.  However,  In  practice.  It  nay  be  diffi¬ 
cult  to  obtain  satisfactory  behavior  of  a  radiome¬ 
ter  that  Is  subjected  to  the  large  background  flux 
contained  within  a  220-1  bandwidth.19  It  may  thus 
be  necessary  to  limit  the  bandwidth  to  less  than 
220  A.  This  limitation  would  affect  the  detector 
sensitivity  and,  therefore,  the  false -triggering 
rate. 

We  have  calculated  the  numbers  of  false  trig¬ 
gers  for  band  widths  of  fran  220  to  100  A, 

as  shown  In  Fig.  **.  Within  this  range,  and  parti¬ 
cularly  for  band  widths  a  1$0  A,  the  discrimination 
efficiency  of  **950  A  rensilns  substantially  better 
than  that  for  other  channels. 
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VI.  DI9GR DORATI  OH  or  A  LAIDE  AREA,  SOLID-STATE 
AIR-FUKBE3CEHCE  EETBCTICH  SYSTEM  (SSAIDS) 

Recent  etui  lei  have  shown  that  •  large,  broad¬ 
band  array  of  Infrared- sen  •  It  1  vs ,  lolld-etate  detec¬ 
tor*  can  detect  nuclear  explosion*  at  distance* 
about  10  tlees  greater  than  can  the  radios*  ter  sys- 
tea* .  The  detection  aedlun  Is  fluorescence  lo  the 
upper  a  too sphere  of  the  entire  first  positive  group 
of  Ng.  These  systems  are  also  extreasly  sensitive 
to  lightning. 

We  have  Investigated  self-dlecrlmlnatlon  of  a 
solid-state  array  by  means  of  spectral  isolation  In¬ 
to  tvo  bands  within  the  Infrared  and  c caparison  of 
the  signals  In  these  bands.  As  Donah  us  has  shown,9 
spectral  differences  between  air- fluorescence  and 
lightning  pulses  bee  as*  Mailer  as  the  spectral  re¬ 
gions  In  which  differences  axe  to  be  measured  bee  on* 
broader.  We  have  considered  Infrared  spectral  re¬ 
gions  as  narrow  as  200  1  and  have  found  no  suitable 
combination  of  m  re  length!  that  would  permit  effec¬ 
tive  lightning  discrimination.  In  particular,  the 
combination  of  200-1-wlde  channels  at  8900  1 


[!W  IP  (1,0)3  for  detection  and  8200  Jl  [HI  (2)3  or 
7**50  Jl  [HI  (3)]  for  discrimination  would  be  effec¬ 
tive  only  under  certain  selected  circumstances. 

We  have  also  studied  discrimination  of  a  solid- 
state  array  by  an  auxiliary  pair  of  photomultiplier- 
tube  radiometers,  based  on  5-in.  all-sky  lecaes  at 
391“*  Ji  (20- X  bandwidth)  and  U950  Jl  (220-Jl  bandwidth). 
This  "dlacrlml nation  system”  has  been  shown  In  pre¬ 
vious  sections  to  be  extremely  effective  for  dis¬ 
crimination,  and  It  also  has  a  sensitive  detection 
capability  of  Its  own.  However,  the  discrimination 
capability  of  the  hybrid  system  Including  the  solid- 
state  array  la  poor  because  the  discrimination  radi¬ 
ometers  are  limited  In  sensitivity  relative  to  the 
solid-state  detector.  This  disparity  In  sensitivi¬ 
ties  permits  a  nigh  rate  of  false  triggering  when 
weak  lightning  pulses  detected  by  the  main  array  are 
below  the  thresholds  of  the  discrimination  radiome¬ 
ters. 

The  false -triggering  rate  of  such  a  hybrid  sys¬ 
tem  can  be  decreased  by  decreasing  the  sensitivity 
of  the  solid-state  array  to  approximately  the  sensi¬ 
tivity  of  the  discrimination  channels  during  periods 
of  lightning  activity.  This  would,  of  course,  pro¬ 
duce  a  corresponding  reduction  In  nuclear  detection 
range. 

We  therefore  recosiaend  that  a  5-ln.-lens  dis¬ 
crimination  system  be  designed  for  the  proposed 
solid-state  detection  systems.  The  operating  proce¬ 
dure  of  such  a  hybrid  system  would  Include  the  limi¬ 
tation  of  the  smln  array  sensitivity  for  the  dura¬ 
tion  of  an  electrical  storm.  The  "discrimination 
system"  would,  ltsel”,  have  a  nuclear-detection 
range  of  2  x  105  km,  effectively  lightning  dis¬ 
criminated,  regardless  of  the  main-array  sensitivity. 
Also,  because  of  the  high  degree  of  spectral  resolu¬ 
tion  aade  available  by  the  5-ln.  lens  through  the 
visible,  other  Information  can  be  obtained. 

VII.  SUMARY  AMD  KKCMCKDATIORS 

We  have  considered  the  prevention  of  false 
triggering  by  llghtnlrg  of  nuclear-explosion  detec¬ 
tion  systems  sensitive  to  Ha  IK  (0,0)  (391**-Jl)  flu¬ 
orescence.  Lightning  discrimination  bated  on  recog¬ 
nition  of  the  source  spectrum  Is  effective  against  a 
large  fraction  of  the  detected  pulses  if  a  spectral 
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region  near  4 140  l  (40-i  bandwidth ) ,  4950  \  (220-1 
bandwidth),  5000  i  (20-i  bandwidth),  or  6563  1  (20-i 
bandwidth)  la  used  as  a  discrimination  channel.  We 
have  evaluated  each  discrimination  channel  quantita¬ 
tively  on  the  basis  of  experimental  and  theoretical 
evaluations  of  false  triggering.  Detection  systems 
that  use  either  the  2-ln.-dlan  "IASL-2"  or  the  Im¬ 
proved  5  -  In. -d  lam  "LASL-5"  all-aky  lens  were  ana¬ 
lyzed. 

For  LASL-?-lens  radiometers,  4l40  i  Is  the 
poorest  discrimination  channel  but  la  still  effec¬ 
tive  against  ~  950  of  all  lightning  pulses  detected. 
The  actual  false-triggering  rate  la  —  103  per  year. 
Discrimination  wl*h  656*1  l  gives  400  Improvement. 

In  the  false-triggering  rate.  Tne  Improvement  using 
5000  Jl  Is  at  least  a  factor  of  2.8,  relative  to 
4140  i,  and  may  be  significantly  more .  A  great  Im¬ 
provement  Is  obtained  with  a  220-i-vlde  channel  at 
4950  I ,  which,  under  typical  conditions,  permits  on¬ 
ly  about  six  false  triggers  per  year. 

If  the  LASL-2  radiometers  are  replaced  by  a 
IASL-5  system,  the  nuclear-explosion  detection  range 
Increases  by  a  factor  of  ~  3*5;  and  the  number  of 
lightning  pulses  detected  per  year  Increases  by  a 
factor  of  1.7,  but  the  number  of  false  triggers  de¬ 
creases.  This  Improvement  Is  caused  by  the  lnc.-o.sed 
sensitivity  to  Ha  1H  (0,0)  (3914- A)  radiation  of  air 
r.uorescence  and  the  decreased  sensitivity  to  the 
3914-A  continue  of  lightning  of  the  narrower  spec¬ 
tral  pass band  of  the  IASL-5  lens  at  3914  A.  Dis¬ 
crimination-channel  effectiveness  Increases  In  the 
sane  anler  as  that  given  far  the  IASL-2  system: 

4l40-A  llscrlmlnatlon  Is  effective  against  90.50  of 
the  detected  pulses  and  about  660  false  triggers  oc¬ 
cur;  6563  A  produces  a  small  Improvement;  and  5000  A 
Is  at  least  a  factor  of  4.8  better  than  4i40  A. 

The  combination  of  a  220-A-wlde  495O-A  discrim¬ 
ination  channel  and  a  LASL-5  detection  system  nearly 
eliminates  false  triggering.  Although  the  calculated 
rate  of  one  false  trigger  per  five  years  (equivalent 
to  5  x  lO*®  of  the  detected  pulses)  Is  an  arder-of- 
ongnltude  estimate,  In  any  case,  the  value  of  this 
channel  and  system  far  discrimination  Is  unsurpassed. 

We  therefore  roc  emend  that  new  detection  sys¬ 
tems  be  equipped  with  LASL-5  radiometers,  and  that 
discrimination  against  lightning  be  accomplished  with 
a  220- A  band  centered  at  4950  A.  A  pair  of  LASL-5 


rad  1  erne  ter  s,  centered  at  3914  A  (20-A  bandwidth) 
and  4950  A  (200-A  bandwidth)  Is  the  most  effective 
discrimination  system  for  the  solid-state  air-flu- 
arescence  detection  system  that  we  can  reci—  nd  at 
present. 
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